

















PROTEIN METABOLISM 


LABCO VITAMIN-FREE CASEIN and 

LABCO LACTALBUMINS, biologically complete, highly puri- 
fied milk proteins, are convenient, economical and uniformly 
reliable for biochemical, physiological and interrelated vitamin 
research. 


Prices and Information on Request 


350 Madison Avenue, New York, N. Y. 














New Junior Model — 
Van Styxe MANnometric Boop Gas 
APPARATUS 


This Junior Model apparatus meets the demand of sufficient 
_ geccuracy. and easy manipulation at low cost. The extraction 
. ber is the same as that supplied with the motor driven 
_ Research Model. It is guaranteed to be calibrated to +0.003 
4% mi. at 0.5 ml. and 0.005 mi. at 2.0 ml. 

This new model is conveniently shaken by hand. The omission 
of the water jacket and the use of the meter stick to read the 


ee eee rene Oe Cnee Ome 
2 vol. per cent. 
Designed for Student Instruction 


REASONABLY PRICED AT $40.00 


The low price of the Junior Model Van Slyke Manometris 
4. Apparatus makes possible its more general use in student 
' Peat padiiicnd sesh tie paratus can be supplied with 
the limeter scale etched on the glass manometer tubs, and 
the latter fused to the apparatus. 

Send for Literature and Price List 


MACALASTER-BICKNELL COMPANY 


Cambridge, Mass. New Haven, Cone. 
Makers Glassware 








A MICROMETHOD FOR THE DETERMINATION OF 
ARGININE 


By JACOB W. DUBNOFF 


(From the William G. Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, Pasadena) 


(Received for publication, August 6, 1941) 


Micromethods for the determination of arginine based on the 
use of the Sakaguchi reagent have been described (1-4). This 
reagent gives a strong color with glycocyamine, arginine, and other 
monosubstituted guanidine derivatives. 

In a previous communication (5) a method for the determination 
of glycocyamine was described based on the Sakaguchi reaction 
and the quantitative separation of glycocyamine from arginine 
by selective adsorption of the arginine on permutit. In the 
method outlined below the separated arginine is eluted from the 
permutit and determined independently. 

A number of common non-chromogenic substances such as 
ammonia, urea, histidine, and creatine reduce the color obtained 
with the Sakaguchi reagent. A change in the usual order of 
addition of the color reagents similar to that previously described 
(5) decreases the interference by these compounds. 

Reagents and Apparatus 

3 per cent sodium chloride. 

0.3 per cent sodium chloride. 

Permutit according to Folin. Permutit can be regenerated 
after use by allowing 3 per cent sodium chloride to percolate 
through and then washing with distilled water until chloride-free. 
This is most conveniently done in large batches on a Buchner 
funnel. 

10 per cent urea in water. 

0.2 per cent naphthol in absolute alcohol, diluted with 4 volumes 
of the 10 per cent urea solution before use. 

Hypobromite solution. 0.66 ml. of liquid bromine are added 
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712 Micromethod for Arginine 


to 100 ml. of 5 per cent sodium hydroxide. Since this solution 
deteriorates, it should not be kept for more than 1 or 2 days, and 
is best kept in a refrigerator. 

10 mg. per cent arginine in 0.1 N hydrochloric acid. Standard 
solutions are made on the day on which they are to be used, by 
diluting this stock solution with water. 

Adsorption column. The permutit is contained in the stem 
of a glass funnel whose dimensions are: upper part 15 mm. external 
diameter, 100 mm. long; stem 7 mm. external diameter, 100 mm. 
long. The lower end of the stem is slightly constricted. A small 
amount of cotton is placed above the constriction. 0.9 gm. of 
permutit is poured in and tapped gently to settle the particles. 

A 0.2 ml. micro pipette whose contents are delivered under 
pressure. The delivery time should be sufficiently short to insure 
rapid delivery and complete mixing (6). 

Preparation of Solutions for Analysis—For complete separation 
of glycocyamine and arginine the salt concentration of the solution 
should not be over 0.5 per cent. If neither of these compounds is 
present in amounts over 2 mg. per cent, the salt concentration may 
be as high as 1 per cent. Urine is usually diluted 5 to 10 times 
with water. Blood filtrates may be prepared by deproteinizing 
according to Folin and Wu or by heat coagulation at pH 6 after 
1:10 dilution with water. Tissue extracts are diluted to contain 
1 gm. of tissue (fresh weight) in 40 ml. of suspension. The pH is 
adjusted to 6.0, and the suspension immersed in a boiling water 
bath for 10 minutes, cooled, and filtered. Analyses are carried 
out on the filtrates. 


Procedure 


5 ml. of the solution to be analyzed are passed through the per- 
mutit column and the small amount of glycocyamine remaining 
in the column is removed with 5 ml. of 0.3 per cent sodium chloride. 
The combined filtrate contains all the glycocyamine. A test-tube 
graduated at 10 ml. is now placed under the funnel, and the 
arginine is eluted by passing 10 ml. of 3 per cent sodium chloride 
through the column. The solution in the test-tube is made up to 
the 10 ml. mark and shaken. 

A 2 ml. aliquot is taken for analysis. It is first cooled in an ice 
bath, then 0.5 ml. of the ice-cold naphthol-urea solution is added, 
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and after 2 minutes 0.2 ml. of ice-cold sodium hypobromite 
solution added by means of the micro pipette. This pipette is 
placed above the solution level and kept away from the sides of the 
test-tube to prevent contamination by urea in the solution. The 
color is simultaneously developed in a series of standard solutions 
containing 0, 0.25, 0.5, 1.0, and 2.0 mg. per cent of arginine.' 
After 20 minutes the color development is complete and remains 
stable for 2 hours if the solutions are kept in an ice bath. The 
tubes are shaken for a few seconds to remove excess gas, warmed 
by immersion in water at room temperature, and the intensity of 


TABLE | 
Elution of Arginine from Permutit Column 
5 ml. of a 2 mg. per cent solution of arginine in 0.5 per cent sodium 
chloride were passed through the adsorption column followed by 5 ml. of 
0.5 per cent sodium chloride. The arginine was then eluted by the salt 
solution as shown. 


Sodium chloride eluting solution 
Arginine recovered 


Amount Concentration 


ml, per cent per cent 
10 0.5 0 
5 1.0 2 
10 1.0 40 
5 2.0 60 
10 2.0 100 
10 3.0 100 
10 5.0 100 
5 5.0 88 
10 10.0 88 


the color measured in a spectrophotometer or a colorimeter, with 
light of approximately 0.525 uw (vellow-green). 
DISCUSSION 
As shown in Table I, the complete removal of arginine from the 
permutit column depends on the amount as well as the concentra- 
tion of salt solution used. Under the conditions described, the 
separation of glycocyamine and arginine is complete over a wide 


‘If an appropriate correction factor is applied, glycocyamine standards 
which are stable may be used. 
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range of concentrations (Table II). With concentrations of 
arginine of over 2 mg. per cent the color is too intense to be read 
and must be diluted before the color is developed. The blanks 
are yellow instead of colorless as in the procedures described in 
the literature. 

In these older procedures a large excess of urea is added after a 
given interval to prevent destruction of the chromogenic compound 
by the hypobromite. During this interval other substances may 
compete for the hypobromite and reduce or completely inhibit the 
formation of color. The advantage of the procedure described 


TABLE II 
Limiting Concentrations of Glycocyamine and of Arginine Thal Can Be 
Separated on Permutit Column 
All values are concentrations in mg. per cent. The concentrations were 
those of the solutions passed through the permutit column. The final 
filtrates were diluted to bring the concentration to approximately 1 mg. 
per cent before the color was developed. 


Arginine added Glycocyamine added Arginine found 
0.0 2. 0.0 
0.0 2.5 0.0 
0.0 5.0 0.0 
0.0 10.0 0.0 
1.0 0.0 1.0 
2.0 0.0 2.0 
5.0 0.0 5.0 
10.0 0.0 9.6 
20.0 0.0 18.4 


above is that this interference is greatly reduced and for most 
purposes is negligible. 

Table III shows the recovery of arginine added to urine, kid- 
ney extract, and blood. 

Weber (2) has studied the influence of some non-chromogenic 
substances on color development. He found that 6 mg. per cent of 
ammonia, 12 mg. per cent of histidine dihydrochloride, 6 mg. per 
cent of tyrosine, 6 mg. per cent of tryptophane, 40 mg. per cent of 
creatine, or 160 mg. per cent of urea? “either prevents all color 


2 These are the concentrations in the final diluted filtrates. 
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formation or the color is so altered that even for qualitative pur- 
poses the test is worthless.” With the method described in this 
communication, 60 mg. per cent of ammonia, 5 mg. per cent of 
histidine hydrochloride, 8 mg. per cent of tyrosine, 8 mg. per 
cent of tryptophane, 20 mg. per cent of creatine, and 2000 mg. 
per cent of urea are without influence on the recovery of argin- 
ine. If tryptophane and histidine are present in excess of the 


TABLE III 
Recovery of Arginine Added to Urine, Kidney Extract, and Blood 

All the values are concentrations in the eluate measured in mg. per cent. 
The urine was diluted 1:4 with water. The kidney extract was made by 
grinding up | part by weight of kidney with 40 parts of 0.5 per cent sodium 
chloride, bringing the extract to pH 5.0, boiling 10 minutes, cooling, and 
filtering. The analysis was carried out on the protein-free filtrate. In 
both the kidney extract and blood, arginine was added before protein 
precipitation. 


Arginine 
Arginine Urine Kidney extract Folin-Wu blood filtrate 
ae After sub- After sub- | After sub- 
Found traction of Found traction of Found | traction of 
blank value blank value blank value 
0.0 0.13 | | 0.15 0.19 | 
0.13 0.14 0.20 
0.2 0.345 0.215 0.41 0.21 
0.34 0.210 0.43 | 0.22 
0.5 0.61 | 0.48 0.65 0.505 0.68 | 0.48 
0.61 0.48 0.655 | 0.51 0.68 | 0.48 
1.0 1.12 0.99 1.19 1.045 1.19 0.99 
1.13 1.00 1.19 1.045 1.19 0.99 
1.5 1.64 1.50 1.67 1.47 
1.64 1.50 1.71 | 1.51 


amount given, they are chromogenic, and, a further complication, 
histidine reduces the color given by the arginine ‘ present. In 
pregnancy urine the concentration of histidine may be as 
high as 160 mg. per cent (7) and the method is inapplicable as it 
stands. The method is satisfactory for normal urine, although 
the possible presence of other chromogens, such as methylguani- 
dine, must be borne in mind. 

















716 Micromethod for Arginine 


SUMMARY 


A micromethod for the determination of arginine in biological 
fluids and tissue extracts is described. The advantages of this 
new method are that a complete separation of arginine from 
glycocyamine is effected, and that it gives satisfactory results in 
the presence of common biological substances which interfere in 
the procedure of previous methods. 
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THE CONVERSION OF CITRULLINE TO ARGININE 
IN KIDNEY* 


By HENRY BORSOOK anv JACOB W. DUBNOFF 


(From the William G. Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, Pasadena) 


(Received for publication, August 6, 1941) 


Glycocyamine is formed in the kidney by the transfer of the 
amidine group of arginine to the nitrogen atom of glycine. In the 
study of this reaction it was observed that glycocyamine was also 
formed from citrulline and glycine. No other donor or precursor of 
the amidine group was found (1). 

The most probable explanation of this effect of citrulline was that 
it was first converted to arginine, from which the amidine group was 
then transferred to glycine. This has now been proved. 

This formation of arginine consists in an interaction of citrulline 
with either glutamic acid or aspartic acid. Its speed is of the same 
order of magnitude as that of oxidative deamination in the kidney. 
The two dicarboxylicamino acids are equally effective in this 
respect. An oxidation is involved in the reaction; it is nearly com- 
pletely inhibited by such oxidation inhibitors as KCN, AseO3, and 
AsO; in low concentration. The KCN inhibition is partly relieved 
by hydrogen acceptors; that of AseO; and As2Q;, is not. 

There are in general three possible types of mechanism for this 
reaction, the essential differences in them consisting in the point at 
which the oxidation, 7.e. the dehydrogenation, occurs: (a) at the 
dicarboxylicamino acid before it reacts with the citrulline, (6) at an 
intermediate compound consisting of the citrulline and the di- 
carboxylicamino acid, or (c), after the cleavage of this hypotheti- 
cal intermediate compound, at a derivative of the citrulline which is 
the immediate precursor of the arginine. 


* Aided by a grant from Mr. I. Zellerbach. 
A summary of this work has appeared (Proc. Am. Soc. Biol. Chem., 
J. Biol. Chem., 140, p. xviii (1941)). 
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718 Conversion of Citrulline to Arginine 


The first of the three possibilities is depicted by the following 


equations, 
H 

(l,a) COOH C—COOH + oxidized hydrogen acceptor — 
NH, 


(Aspartic acid or 
glutamic acid) 


COOH C—COOH + reduced hydrogen acceptor 


Nu 
(Dicarboxylicimino 
acid) 


0 


(1,6) COOH C—COOH + NH,—C—NH COOH — 


(Citrulline) 
NH 
O NH 
| 
COOH.....C—COOH* + NH:—C COOH 
(a-Ketodicarboxylic acid) (Arginine) 


* Here, as in Equations 2 to 4, the dicarboxylic acid is written as being 
converted to the corresponding keto acid derivative. This is done only 
for convenience. We have obtained no evidence regarding the nature of 
the product arising from the deaminized dicarboxylicamino acid. It is 
possible that it is also decarboxylated in the oxidation; 7.e., the reaction 
mechanism is that suggested by Herbst (2). 


This mechanism was eliminated by the finding that arginine 
formation is inhibited under conditions in which oxidative deami- 
nation of the dicarboxylicamino acids proceeds unchecked. 

Arginine is also formed from citrulline, ammonia, and a-keto- 
glutarate or oxalacetate. These reactions are also inhibited by 
KCN or As,O3. The interpretation we have placed on these re- 
sults is that here also the reaction proper (7.e., arginine formation) 
is between citrulline and glutamic acid or aspartic acid; that the 
dicarboxylicamino acids were formed by reductive amination prior 
to their combination with citrulline. It follows that the imino 
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acid derivatives of the dicarboxylicamino acids (which are formed 
spontaneously and are in equilibrium in water with their corre- 
sponding a-keto acids and ammonia) do not react with the ci- 
trulline. This evidence also therefore excludes the reaction mech- 
anism of Equations 1, a and 1, b. 

The other two possible mechanisms are given by Equations 
2,3, and 4. 


! 


(2, a) COOH C—COOH + COOH NH—C——-NH; 


| | 


NH, O 
H 
(2, b) y COOH b COOH 
ae 
H | 


COOH.....N—C—NH, 
| 
OH 
OH 


(2, c) = COOH C—COOH 


COOH N--CH—NH: 
OH 
| 
(3, a) COOH C—COOH + oxidized hydrogen acceptor 
NH 
COOH.....NH—CH—NH:; 
(3, b) — COOH .C—COOH + COOH.....NH—C—NH, + 
O NH 


reduced hydrogen acceptor 
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or 
OH 
| 
(4, a) COOH.....C—COOH > 
| 
! 
NH 
| 
i 


COOH NH—CH—NH;, 
NH, 
| 


(4, 5) COOH C—COOH + COOH.....NH- CH—NH, 
| 
O 
NH, 


(4, ¢) COOH NH—CH—NH: + oxidized hydrogen acceptor — 


(4, d) COOH NH—C—NH: + reduced hydrogen acceptor 


NH 

In both mechanisms an intermediate compound between the 
citrulline and the dicarboxylic acid is postulated. According to 
the mechanism of Equations 3, a and 3, b this compound is de- 
composed by dehydrogenation into arginine and the a-keto acid 
derivative of the dicarboxylicamino acid. 

In the mechanism of Equations 4, a to 4, d the hypothetical in- 
termediate compound is decomposed first and the resulting diamine 
group undergoes dehydrogenation to form arginine. 

If the mechanism of Equations.4, a to 4, d were correct, when 
citrulline and the dicarboxylicamino acid are present but arginine 
formation is prevented by As,O3, the keto acid should be formed 
nevertheless, but without an equivalent amount of ammonia. Am- 
monia and keto acid will be formed in addition from the concurrent 
and independent oxidative deamination of the dicarboxylicamino 
acid. Accordingly the ratio A NH; to A keto acid should be lower 
and the absolute amount of keto acid higher in solutions containing 
citrulline, dicarboxylicamino acid, and AsO; than in the absence of 
citrulline; 7.e., the reaction would proceed as far as Equation 4, b. 
It was found that the ratio A NH; to A keto acid in the presence of 
AsO; was the same with and without citrulline; nor was there an 
absolute increase in keto acid in the presence of citrulline. 
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The evidence appears to lead by exclusion to a mechanism of the 
type of Equations 2 and 3. Braunstein (3) postulated an inter- 
mediate compound analogous to that of Equation 2 as a prelimi- 
nary to transamination. It must be emphasized that in both cases 
the existence of this hypothetical compound is, as yet, unsupported 
by any direct evidence. It is an inference only. 

Positive results were obtained when proline, hydroxyproline, 
ornithine, or lysine was used in place of aspartic acid or glutamic 
acid. All the other amino acids were negative. There is inde- 
pendent evidence that the first three amino acids named are 
readily convertible to glutamic acid in the rat (4-7). It is rea- 
sonable to conclude, therefore, that lysine also is converted to glu- 
tamic acid (or aspartic acid). This is the first clue, as far as we are 
aware, regarding the path of degradation of the carbon skeleton of 
lysine in the animal body. 

In the ornithine cycle by which urea is formed in the liver from 
ammonia and carbon dioxide, one of the steps proposed is the con- 
version of citrulline to arginine (8). The mechanism for this con- 
version which we have found in kidney, i.e. the interaction of 
citrulline with aspartic acid or glutamic acid, does not occur in 
liver. A study of arginine formation in liver is in progress and will 
be reported later. 

Procedure and Preparations Used 

Most of the experiments were carried out with surviving rat kid- 
ney slices. In afew experiments guinea pig kidney was used. The 
details of the technique have been described (9). Two or three 
small slices were suspended in 4 ml. of bicarbonate-Ringer’s solu- 
tion containing the substances under investigation. The pH of 
the solution was 7.4 after equilibration with 95 per cent oxygen and 
5 per cent COs. All the experiments were carried out at 38° for 1 
or 2 hours. 

At the end of the experimental period the contents of the reac- 
tion vessels, acidified to pH 6.0 with a drop of 0.5 Nn HCl, the slices, 
and two 2.5 ml. washings with water were transferred to test-tubes 
graduated at 10 ml. After 10 minutes in a boiling water bath the 
test-tubes were cooled, and the contents made up to the mark with 
water, mixed by shaking, and filtered. The tissue slices were dried 
at 100° and weighed. 
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Glycocyamine and arginine were then determined in the pro- 
tein-free filtrates. A 5 ml. aliquot was passed through a column of 
permutit and the traces of glycocyamine remaining in the column 
removed with 5 ml. of 0.3 per cent NaCl. The glycocyamine was 
determined in the combined filtrate by the method we have de- 
scribed (10). The arginine was then eluted from the permutit and 
determined as described by Dubnoff.' 

Ammonia and keto acids were also determined in some ex- 
periments. These analyses were carried out on the protein-free 
filtrates which were not passed through permutit. The analyti- 
cal method used for ammonia has been described (11). 

The keto acids were determined as follows: To 2 ml. of protein- 
free filtrate 0.3 ml. of a saturated solution of 2,4-dinitrophenyl- 
hydrazine in 1 N HCl was added, followed after standing for a few 
minutes by 1 ml. of 1 per cent NaOH. An intense, deep red color 
appears immediately. This quickly fades and after 20 minutes a 
stable red color remains whose intensity is proportional to the con- 
centration of pyruvic acid, oxalacetic acid, or a-ketoglutaric acid 
present. A linear relationship is obtained between the concentra- 
tion of keto acid and the depth of color when it is measured at a 
wave-length of 0.525 u, in the concentration range from 0 to 2.0 
mg. per cent. The color of higher concentrations is too deep to be 
measured accurately. 

The use of 2,4-dinitrophenylhydrazine in alkaline solution for 
the colorimetric determination of pyruvic and other keto acids has 
recently been reviewed by Klein (12). The simple procedure we 
have employed, without preliminary extraction of the hvdrazone, 
would give positive values with such substances as acetone and 
acetoacetic acid. Under our experimental conditions the latter two 
substances are not formed in measurable amounts. The controls 
(Table VII) showed that for our limited purposes the simplified pro- 
cedure was satisfactory. 

l(+)-Citrulline was used throughout. It was prepared by a 
combination of the methods described by Kurtz (13) and by Gornall 
and Hunter (14). The starting material was a commercial prepara- 
tion of 1(+)-ornithine. All the other amino acids used were pre- 
pared or purified either by Amino Acid Manufactures, University 
of California at Los Angeles, or in this laboratory. We are in- 


1 Dubnoff, J. W., J. Biol. Chem., 141, 711 (1941). 

















H. Borsook and J. W. Dubnoff 723 


debted to Professor H. B. Vickery for a generous donation of glu- 
tamine. The naturally occurring isomers of the amino acids were 
used except when the di form is specified. 

Pyruvic acid was prepared by distillation of a commercial prod- 
uct; the distillate was neutralized by NaOH, and the sodium salt 
crystallized and dried. 

a-Ketoglutaric acid was prepared by the method of Neuberg and 
Ringer (15). We are indebted to Mr. Werner Baumgarten for this 
preparation. 

Oxalacetic acid was prepared by the method of Simon (16). 

The a-keto acid derivative of methionine was obtained by oxida- 
tion of dl-methionine with d-amino acid oxidase prepared from hog 
kidney, ethereal extraction of the acid from the acidified, depro- 
teinized solution, evaporation of the ether, solution of the acid in 
water, neutralization with NaOH, and recrystallization from water. 

The acetaldehyde was a commercial preparation. 

Coenzyme I was prepared by the method of Ohlmeyer (17), and 
coenzyme II and adenosine triphosphate according to the pre- 
scription given by Warburg and Christian (18). The coenzyme 
preparations, as used, were 60 per cent pure. These preparations 
were made by Dr. Norman H. Horowitz. 


Results 


Table I is a typical protocol showing the formation of arginine 
from citrulline and glutamic acid or aspartic acid. There was al- 
ways a significant increase in arginine over the blank value when 
citrulline alone was added to the Ringer’s solution. This arginine 
was formed, presumably, from the added citrulline and aspartic 
acid or glutamic acid (see Table IV) which was present in the kid- 
ney slices at the outset or formed in the slices during the experi- 
ment. Nearly 3 times as much arginine was formed, however, 
when either aspartic acid or glutamic acid was added with the cit- 
rulline. The two dicarboxylicamino acids were equally effec- 
tive. 

There was a small increase in glycocyamine whenever arginine 
formation occurred. It may be inferred from previous observa- 
tions (1) that the amidine group of the arginine was transferred to 
glycine which was present in the slices initially or formed in the 
course of the experiment. The quantity of available glycine was 
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small and also limited because no more glycocyamine was formed 
when the arginine was increased 3-fold. 

It was not feasible, because of the high solubility of arginine and 
its salts, to attempt to prove by isolating one of them that the sub- 
stance we were measuring colorimetrically was arginine. This was 


TABLE | 
Typical Protocol Showing Formation of Arginine by Surviving Rat Kidney 
Slices from Citrulline and Glutamic Acid or Aspartic Acid 


Ringer’s solution; 38°; 1 hour. 


Solution | Tissue /Citrulline,| Glutamic) Aspartic Arginine found Glyeocyamine 
No. weight, 0.0025 m acid, acid, found 
: dry 0.005 m 0.005 m 
1 2) 3 4 (5 6) 7) 8) (9 
mg. per mg. per 
mg ; mg 
mg per cent |*™ Sresh percent |9™: fresh 
fissue fiasue 
] 3.2 - 0.02 0.3 0.02 0.3 
2 7.3 — 0.02 0.1 0.04 0.2 
3 7.2 + . 0.33 1.8 0.07 0.4 
{ 6.7 + - 0.31 1.9 0.07 0.4 
5 11.7 + 0.04 0.1 0.04 0.1 
6 11.1 + 0.04 0.1 0.06 0.2 
7 8.3 + + 1.07 5.2 0.08 0.4 
8 6.2 + + 0.89 5.7 0.07 0.4 
¥ 10.3 + 0.03 0.1 0.04 0.2 
10 11.9 + 0.04 0.1 0.04 0.2 
11 6.1 } } 0.89 5.8 0.06 0.4 
12 7.5 . + 1.02 5.4 0.07 0.4 


The figures in Columns 6 and 8 give the concentrations of arginine and 
of glycocyamine in the protein-free solutions after they had passed through 
the columns of permutit. The figures in Columns 7 and 9 are obtained 
by multiplying those in Columns 6 and 8 respectively by the factors, 4/100 
10/4 * 2 & 1000/(5 & W) = 40/W, where W is the dry weight of tissue in 
mg. The basis of these factors is as follows: The volume of the original, 
undiluted Ringer’s solution was 4 ml.; it was diluted to 10 ml. for depro- 
teinization; in the course of separation of the glycocyamine and elution 
from permutit the aliquot used was diluted with an equal volume of salt 
solution; the fresh weight of the slices is 5 times the dry weight. 


established by three independent pieces of evidence: the speci- 
ficity of the color reagent under the conditions in which we used it, 
the disappearance of this chromogenic material when subjected to 
the action of arginase, and the formation of glycocyamine in the 
highly specific transamidination reaction with glycine. 
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The color reagent, the Sakaguchi reagent, gives a positive test 
with only three common biological substances. These are glyco- 
cyamine, histidine, and arginine. Glycocyamine is separated 
quantitatively from arginine and histidine by the adsorption and 
elution procedure employed. Histidine, however, remains on the 
permutit and is removed with arginine by the 3 per cent sodium 
chloride solution used for eluting the arginine from permutit. His- 
tidine has about 1 per cent the chromogenic power of arginine. 
Even if all the added citrulline had been converted to histidine, 
most of the color developed would still remain to be accounted for. 

Table II presents direct evidence that the material in question 
was arginine. Digestion with arginase removed nearly al) of the 
chromogenic material designated as arginine. The details of the 
experimental procedure are given in the foot-note to Table LI. 

The transamidination reaction (7.e., formation of glycocyamine 
from arginine and glycine) is a highly specific test for arginine when 
an extract of kidney (instead of kidney slices) is used to provide the 
enzyme. The arginine formed from any citrulline present is 
negligible for the purposes of this test. The test consists in in- 
cubating the material in question with an excess of glycine in the 
presence of the enzyme. A positive result is indicated by the for- 
mation of glycocyamine, and the rate of formation of glycocyamine 
is proportional to the initial concentration of arginine. 

Table III shows that this criterion also afforded clear evidence 
that we were dealing with arginine. If the chromogenic sub- 
stance in experiments such as those in Table I was arginine, it was 
to be expected that there would be (a) little or no glycocyamine in 
Solutions 1, 3, and 4 of Table III, (5) large increases in Solutions 
2, 5, and 6, with 2 to 3 times as much in Solutions 5 and 6 as in 
Solution 2, and (c) less arginine remaining in this experiment than 
in the experiment of Table I because of the conversion of some of 
the arginine to glycocyamine; the “total’’? arginine formed per 
hour would, however, be the same in Solutions 5 and 6 of Table 
III as in Solutions 7 and 8 and 11 and 12 of Table I. The results 
obtained were in complete accord with these predictions. 

Table IV summarizes our findings on the relative effectiveness of 

? The ‘‘total’’ arginine is the sum of the arginine found and of the amount 


of glycocyamine multiplied by 1.49 (the ratio of the molecular weight of 
arginine to that of glycocyamine). 
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different amino acids and of some other nitrogen compounds as 
contributors of the ==NH group in the conversion of citrulline to 
arginine. Glutamine was the only compound which was as effee- 
tive as aspartic acid or glutamic acid. This may be taken to indi- 
cate the rapid hydrolysis of the added glutamine rather than that 
the amide itself is effective. An active glutaminase is present in 


TABLE II 


Proof from Action of Arginase That Arginine Was Main Chromogen Measured 
by Colorimetric Method Employed 


The arginine values are measured in mg. per gm. of fresh tissue. 


Arginine present measured 
colorimetrically 


Citrulline, Aspartic acid, Glutamic acid, 
0.0025 0.005 m 0.005 u 
Before action of After action of 
arginase arginase 
-_ 1.4 0.2 
+ 3.3 0.2 
+ + _ 11.0 0.6 
+ . + 8.38 0.5 
+ 1.2 0.2 
- - + 1.0 0.2 


Ringer’s solution, 38°; 1.5 hours. Each of the six mixtures was carried 
through in quadruplicate to the end of the period of incubation with kidney 
slices; pairs of similar solutions were then combined. Each of the values 
given above therefore is an average of two completely separate but identical 
experiments run simultaneously from the initial incubation with kidney 
slices through the digestion with arginase to the final colorimetric deter- 
mination. The arginine was determined before and after digestion of 
the protein-free filtrates with arginase. Dry arginase powder was prepared 
by the method of Hunter and Dauphinee (19). 4 ml. of the protein-free 
filtrate were digested at pH 8.7 for 1 hour at 38° with 0.2 ml. of a 3 per cent 
solution of the arginase powder. At the end of the hour the solutions were 
acidified to pH 6.0, boiled, and filtered. The arginine in the filtrates was 
then determined in the usual manner after removal of the glycocyamine 


with permutit. 


kidney (20). Asparagine was much less active than aspartic acid 
(the asparaginase activity of kidney is very low), while acetamide, 
formamide, and nicotinamide were negative. 

The positive results with proline, hydroxyproline, and ornithine 
were to be expected. Weil-Malherbe and Krebs (4) and Neber 
(5) have proved that proline and hydroxyproline are converted to 








H. Borsook and J. W. Dubnoff 727 


glutamic acid by rat kidney slices. The figures in Table IV show 
that the formation of arginine from citrulline was approximately 
twice as fast with proline as with hydroxyproline. This is in 
accord with the findings of Weil-Malherbe and Krebs that glu- 
tamic acid is formed twice as quickly from proline as from hy- 
droxyproline. 

The conversion of /(+-)-ornithine to glutamic acid was first sug- 
gested by Krebs (6) on the basis of indirect evidence. d(+)- 
Proline and d(—)-ornithine gave the same oxidation product, 
a-keto-6-aminovalerianie acid, after treatment with d-amino 


TaB_e III 
Glycine Transamidination with Arginine Formed from Citrulline 


The results are expressed as mg. per gm. of fresh tissue. 


“a Metabolites used As a | Arginine eh Je 
l 0 0.4 0.4 
2 Citrulline = 320 | 3.8 
3 Aspartic acid 0.2 0.8 Boe 
$ Glutamic ‘ 0.2 0.6 0.9 
5 Citrulline + aspartic acid 2.6 5.9 9.8 
6 ” + glutamic 3.7 6.6 | 10.6 


The different mixtures of metabolites were first incubated at 38° with 
rat kidney slices for 2 hours. The citrulline, aspartic acid, and glutamic 
acid were initially 0.01 m. A 3 ml. aliquot of each mixture was then re- 
moved and added to 1 ml. of a cell-free extract of rat kidney to which 
glycine had been added to a concentration of 0.04 m. These mixtures were 
then incubated at 38° with shaking for 6 hours. They were then depro- 
teinized and analyzed for glycocyamine and arginine. 


acid oxidase. /(—)-Proline was proved to be converted to glu- 
tamic acid. It was a reasonable surmise then that glutamic acid 
was formed also from /(+)-ornithine via a-keto-d-aminovaleri- 
anic acid in the same manner; viz., oxidation at the 6-carbon atom 
to form the acid and amination of the a-carbon atom. Direct 
evidence of this conversion was obtained by Roloff, Ratner, and 
Schoenheimer (7). These workers fed deutero ornithine to normal 
adult mice and later found not only deutero arginine but also 
deutero proline and deutero glutamic acid. Data such as those in 
Table IV reveal that the conversion of /(+)-ornithine to glutamic 
acid occurs rapidly in rat kidney. 
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In view of the findings with proline, hydroxyproline, and orni- 
thine it is a reasonable interpretation of the positive result with 
lysine (Table IV) that this amino acid also is converted to glu- 
tamic acid.’ 

TaBLe IV 
Relative Effectiveness of Different Amino Acids and Other Nitrogen 
Compounds As Contributors of =NH Group in Conversion of 
Citrulline to Arginine 

Ringer’s solution; 38°; 1 hour. The citrulline was initially 0.0025 m; 
all other compounds 0.005 m. Except where the di form is specified, the 
naturally occurring isomer was used. 

The results are expressed as per cent of ‘‘total’’ arginine formed from 


citrulline and glutamic acid. ‘‘Total’’ arginine = arginine + glycocyamine 
1.49. 
Relative speed ——s 
Substance [——_ Substance auielen 
: formation 
Acetamide 7 dl-Isoleucine 
Alanine 8 Leucine 
Ammonia l Lysine 17 
Asparagine 55 dl-Methionine —8 
Aspartic acid 108 Nicotinic acid amide 21 
Cysteine : { dl-Norleucine -18 
Formamide 13 Ornithine $2 
Glutamic acid 100 dl-Phenylalanine —12 
Glutamine 101 Proline 51 
Glutathione 46 dl-Serine —3 
Glycine l Threonine —14 
Histidine 0 Tryptophane —16 
Hydroxyproline 23 | Tyrosine —6 
Valine 5 


Table V shows the inhibition of the interaction of citrulline and 
aspartic acid or glutamic acid by low concentrations of KCN, 
As.O;, or As.O;. This inhibition is about 95 per cent complete. 


3 It may be expected from their structural similarity that the conversion 
of lysine to glutamic acid follows a course analogous to that of ornithine. 
One pathway for which there is some experimental evidence is as follows: 
oxidative deamination of the a-amino group, followed by oxidative de- 
amination of the e-amino group, 8 oxidation at the carbon atom to form 
a-ketoglutariec acid, which is reduced with the addition of ammonia to 


glutamic acid. 
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The cyanide inhibition is relieved to a considerable extent by 
the a-keto acid derivative of methionine, by oxalacetate, and by 


TABLE V 


Inhibition of Arginine Formation by Oxidation Inhibitors 
Ringer’s solution; 38°; 2 hours. The initial concentration of citrulline 


was 0.0025 m; of =NH donor 0.005 m. 
The results are expressed as mg. of ‘‘total’’ arginine per gm. of fresh 


tissue. 

Unin- KCN AsO; As:Os 
hibited 0.001 m 0.001 m 0.0036 m 

No amino acids added 1.3 0.9 0:9 | &Ss 
Citrulline a 1.1 1.1 s 
+ aspartic acid 12.2 1.8 1.8 7 
+ glutamic 11.2 Fe 1.8 1.7 

TABLE VI 


Counteraction of Hydrogen Acceptors on Inhibition of Arginine Formation 
by KCN and As.0; 

Ringer’s solution; 38°; 2 hours. The citrulline was initially 0.0025 m; 

=NH donor and other metabolites 0.005 mo. 





Aspartic acid Glutamic acid 


NH donor . nied . 
Unin- 0.001 mM 0.001 m > Unin- 0.001 m | 0.001 u 


hibited | KCN | AseOs | hibited) KCN | AsoOs 


No amino acids added 1.1/| 0.9 | 0.9 1.1) 0.9 | 0.9 
Citrulline alone 3.0/ 1.0 | 1.1 | 3.1] 1.0] 1.0 
+ =NH donor 12.2| 1.6 | 1.0 | 12.0) 1.3 | 1.6 
4 & “wee 
acetaldehyde 0.9 0.6 
Citrulline + =NH donor + 
a-keto acid derivative of methi- 
onine 5.5 7.0 
Citrulline + =NH donor + oxal- 
acetate 3.1 1.1 4.3 1.9 
Citrulline + —NH donor + pyru- 
vate ae Ss 1.2 6.7 2.2 1.3 


pyruvate. These metabolites do not relieve the inhibition by 


arsenite (Table V1). 
Our interpretation of these findings is that both cyanide and 











730 Conversion of Citrulline to Arginine 


As,O; (and As,O;) inhibit the formation of arginine by preventing 
the necessary dehydrogenation of the citrulline-aspartic acid (or 
glutamic acid) complex. The effect of cyanide is indirect; it pre- 
vents the oxidation of cytochrome. The flow of electron and of 
hydrogen transfer is thus blocked by the lack of an available ac- 
ceptor. Arginine formation can be reinstituted, however, by the 
provision of electron and hydrogen acceptors other than the cyto- 
chrome-oxygen system which can function even in the presence of 
cyanide. They must be provided in sufficient concentration be- 
cause their reoxidation is also blocked by cyanide and they cannot 
therefore function in a cyclic manner. The a-keto acid derivative 
of methionine, oxalacetic acid, and pyruvie acid served this pur- 
pose. Acetaldehyde did not relieve the cyanide inhibition. This 
would exclude complex formation with the cyanide as an explana- 
tion of the positive results with the above keto acids. 

The arsenite inhibition, on the other hand, is not relieved by 
these metabolites because this inhibitor interferes with the process 
of dehydrogenation; 7.e., the initial process of donation of electrons 
and hydrogens is blocked. Hence the provision of additional 
hydrogen acceptors affords no relief. 

In view of the participation of the pyridine coenzymes in the 
oxidative deamination of /(+)-glutamic acid (21) and the evidence 
that an oxidation of aspartic acid or glutamic acid is involved in 
this formation of arginine, we tested the effect of coenzymes I and 
II and of adenylic acid pyrophosphate on the reaction. These sub- 
stances neither relieved the arsenite inhibition nor increased the 
rate in the absence of an oxidative inhibitor. 

The enzymatic activity of kidney slices is largely lost (about 90 
per cent) when the kidney is homogenized into a cell-free suspen- 
sion. One possible explanation for this loss of activity was that 
the pyridine coenzymes were dissociated from the protein of the 
enzyme as a result of the dilution consequent on the preparation of 
the cell-free suspension. If this explanation were correct, addition 
of one of the two pyridine coenzymes or of adenylic acid pyro- 
phosphate might be expected to restore some of the lost enzymatic 
activity. This was not the case. It is possible that some other 
coenzyme is operative in this reaction. 

Another piece of evidence against the above explanation of the 
loss of enzymatic activity is that kidney tissue homogenized and 
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tested without any added fluid is no more active than when homo- 
genized and suspended in 4 times its volume of buffer solution. 

Table VII shows the separation of oxidative deamination of the 
dicarboxylicamino acids from the process in which citrulline is con- 
verted to arginine. The latter reaction is inhibited by arsenite; 
the former is not. In fact an inhibitor such as As,O; which re- 
tards the disappearance of the products of deamination, the am- 
monia and keto acids, is necessary for the demonstration of oxida- 
tive deamination by tissue slices. 


Tasie VII 
Separation of Conversion of Citrulline to Arginine from Oxidative 
Deamination 
Guinea pig kidney slices were used; Ringer’s solution; 38°; 2 hours. 
The citrulline was initially 0.0025 mM; aspartic acid either 0.005 or 0.05 m 
as indicated; As,O; 0.001 M. 
The results are expressed as micromoles per gm. of fresh tissue. 


Aspartic os Keto acid | : 
Citrulline seid, initial AseO; a as pyruvie Ammonia A a 
- _ 09 | O 4.3 
- + 1.0 0 10.4 
ss _ 1.9 0 7.1 
— + 0.9 0 10.9 
+ 0.005 -_ 12.1 0 8.7 
+ 0.05 — 6.3 1.8 13.6 
4 0.005 + 1.7 13.5 25.5 1.6 
+ 0.05 + 1.3 36.9 54.2 1.4 
— 0.005 ~ 1.0 0 9.0 
_ 0.05 _ 1.2 0 20.2 
— 0.005 + 1.0 10.4 23.7 1.9 
_ 0.05 + 1.0 35.1 54.1 } 1.4 


Another piece of evidence which indicated that the two oxida- 
tive processes, arginine formation and deamination, are different, 
although they involve the same substrate (aspartic acid or glu- 
tamic acid), was obtained from a comparison of the effects of two 
different concentrations of aspartic acid, 0.005 and 0.05 m. The 
higher concentration of aspartic acid inhibitéd arginine formation, 
but the rate of deamination, in an absolute sense, was more than 3 
times greater. If the reaction consisted in an exchange of the 
oxygen on the e-carbon atom of citrulline for the NH group of 
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the imino acid derivative of aspartic or glutamic acid, the reaction 
should proceed with oxalacetic acid and ammonia or ketoglutaric 
acid and ammonia, even in the presence of cyanide, because the 
imino acids are formed spontaneously from the latter keto acids 
and ammonia. 

Table VIII shows that arginine is formed from citrulline and the 
products of deamination of the dicarboxylicamino acids under 
normal conditions; but the reaction is completely inhibited by 
cyanide. 

Tasie VIII 
Aspartic Acid or Glutamic Acid Formation in Rat Kidney Slices; Attested to 
by Formation of Arginine from Citrulline 

Ringer’s solution; 38°; 2 hours. The initial concentration of citrulline 
was 0.0025 m; of glutamic acid or other metabolites and ammonia 0.005 m. 

The results are expressed as ‘‘total’’ arginine formed per gm. of fresh 


tissue. 
Metabolites in addition to citrulline a? eee 

None 2.4 
Citrate + ammonia 2.9 
Fumarate + 4.8 
Glucose + 3.¢ 
Glutamate 10.5 
a-Ketoglutarate + ammonia 7.9 
Oxalacetate + ammonia 1.8 
Pyruvate + ammonia 2.6 

- 4.5 


Succinate + 


Three independent lines of evidence concur, therefore, in ex- 
cluding prior oxidative deamination of the aspartic acid or glutamic 
acid as part of the reaction mechanism in the formation of arginine 
from citrulline. 

As stated above, another possible reaction mechanism would 
locate the oxidation on a derivative of the citrulline after it had 
undergone transamination with the dicarboxylic acid to form a 
compound of the type 


NH, 
R—N- cg 

| | ‘SNH, 
H 
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Dehydrogenation of the diamine group would then yield arginine. 
If this were the reaction mechanism, the addition of citrulline in the 
presence of As,O; and aspartic acid or glutamic acid would, as dis- 
cussed above, decrease the ratio A ammonia to A keto acid, be- 
cause of an absolute increase in the keto acids without a corre- 
sponding increase in ammonia. The data in Table VII eliminate 
this hypothesis. In the presence of As,O; the absolute amount of 
keto acids and the ratio of A ammonia to A keto acid were the same 
in the presence as in the absence of citrulline. 

The evidence, by exclusion, therefore points to the locus of the 
oxidation on a hypothetical intermediate compound of citrulline 
and the dicarboxylicamino acid. 

The reason that the ratio A ammonia to A pyruvic acid is greater 
than 1 is that As,O; does not completely inhibit the oxidation of 
keto acids. Even in unpoisoned tissue the removal of ammonia is 
less complete than that of the keto acids. Similar observations 
were made by Krebs (6). 

The formation of arginine from citrulline by surviving kidney 
slices can be used as a test for potential sources of aspartic acid or 
glutamic acid. It was shown by this method that certain amino 
acids are converted in the kidney to one or the other of these two 
dicarboxylicamino acids (Table IV). The action of tissue slices in 
this respect parallels closely that of the whole animal. This paral- 
lel was also seen in the synthesis of hippuric acid (22) and of crea- 
tine (23). The same method can be used as a test for precursors 
of the carbon skeleton of the dicarboxylicamino acids. The re- 
agents are citrulline, an excess of ammonia, and the metabolite 
in question. Some examples are shown in Table VIII. Fumarate, 
glucose, a-ketoglutarate, oxalacetate, and succinate were definitely 
positive. A dubiously slight positive result was obtained with 
citrate. Pyruvate was negative. 

The mechanisms by which these non-nitrogenous metabolites 
may be converted to the dicarboxylicamino acids are well known 
and need not be discussed here. The data in Table VIII are 
positive evidence that these changes occur readily in the kidney. 
The citric acid cycle appears to be quantitatively less important 
than simple oxidation of succinic acid and its derivatives. 

The formation of arginine may be used as an indicator to ascer- 
tain the “preferred”’ directions of some of the reversible processes 
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in the dynamic steady state of metabolic reactions in kidney slices, 
This test is based on the fact that, in the presence of an excess of 
citrulline, the formation of arginine is faster the greater the concen- 
tration of aspartic acid or glutamic acid (at concentrations below 
0.005 m). The following are two examples: The amount of ar- 
ginine formed from citrulline in the presence of different amino 
acids and a-ketoglutarate is an indication of the speed of trans- 
amination in the direction of glutamic acid formation; the differ- 
ence in the amount of arginine formed from citrulline, a-keto- 
glutarate, and ammonia in the presence and in the absence of 


TaBLe IX 
Transamination in Rat Kidney Slices 


Ringer’s solution; 38°; 2 hours. The initial concentration of citrulline 
was 0.0025 m; of other amino acids, keto acids, and ammonia 0.005 m 


The results are expressed as ‘“‘total’’ arginine formed per gm. of fresh 
tissue. 
Metabolites in addition to citrulline Total’’ arg nine 
found 


bo 
~ 
=> 


None 
Glutamate 
+ pyruvate 


—_ 
— 


a-Ketoglutarate 
Ammonia 
a-Ketoglutarate + ammonia 
+ pyruvate + ammonia 
Alanine + a-ketoglutarate 
dl-Alanine + a-ketoglutarate 
Valine + a-ketoglutarate 


mou Rw wsT 
= 
So 


pyruvate indicates whether ammonia nitrogen available for amino 
acid synthesis is bound preferentially as glutamic acid or as 
alanine. 

Table IX is a summary of some experiments along these lines. 
It is seen that glutamic acid contributes its amino group to pyru- 
vate. On the other hand, amino nitrogen does not pass readily 
from /(+)-alanine, dl-alanine, and /(+)-valine to a-ketoglutarate. 
In this respect ammonia is more effective. We may infer then 
that the formation of glutamic acid from a-ketoglutarate is faster 
by reductive amination than by transamination. 
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Similarly, in the presence of ammonia, a-ketoglutarate, and py- 
ruvate there was no evidence of the formation of any glutamic 
acid available for arginine formation; presumably the nitrogen was 
bound preferentially as alanine. 

The dynamic steady state in kidney slices appears therefore to 
include a eycle which favors the formation of glutamic acid by re- 
ductive amination, followed, if suitable keto acids are available, by 
transamination to form other amino acids with the regeneration of 
the a-ketoglutarate. 


TaBLe X 
Inhibition by Pyruvate of Arginine Formation from Citrulline 
Ringer’s solution; 38°; 1 hour. The initial concentration of citrulline 
was 0.0025 m; of other amino acids and pyruvate 0.005 Mm. 
The results are expressed as ‘‘total’’ arginine formed per gm. of fresh 


tissue. 
| 
Metabolites added in addition to citrulline | “Totgt sanine 

None | 1.3 
Aspartate ; nm 5.6 
aie + pyruvate 2.8 
Glutamate | 4.6 
" + pyruvate i+ , éé 2.3 
Lysine ind 3.3 
‘* + pyruvate 1.8 
Ornithine 3.7 
” + pyruvate 2.4 
Proline 2.8 
1.1 


‘++ pyruvate 


The situation in kidney slices appears to be similar to that in the 
whole animal. Schoenheimer and his colleagues (24) observed 
that the most extensive exchange of normal nitrogen for N“ 
occurred in the nitrogen of aspartic acid and glutamic acid whether 
the N™ was introduced as ammonia or as a single amino acid. 

The formation of arginine from citrulline was inhibited by py- 
ruvate whether the donor of the NH group was aspartic acid, 
glutamic acid, or a precursor of these dicarboxylicamino acids 
(Table X). This is in accord with the findings in Table LX that 
pyruvate is converted to alanine at the expense of glutamic acid. 
It is interesting that pyruvate is inhibitory under the normal cir- 


ee oe 
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cumstances of the experiment of Table X; yet in the presence of 
cyanide it permits arginine formation to occur, neutralizing to 
some extent the cyanide inhibition (Table VI). This latter fact 
suggests strongly that pyruvate does not inhibit the oxidation 
necessary for the formation of arginine from citrulline, that it is 
inhibitory under normal circumstances because it competes 
effectively with the citrulline for the amino group of aspartic acid 
or glutamic acid. More direct evidence is required, of course, to 
determine whether or not this hypothesis is correct. 
DISCUSSION 

The work of Braunstein and Kritzmann (3, 25), of von Euler 
et al. (21), and of Cohen (26) established by indirect but strong 
evidence the central position of the dicarboxylicamino acids in the 
continual and rapid interchange of amino nitrogen which Schoen- 
heimer and his coworkers demonstrated to occur in the body by 
direct evidence (24).4. The mechanism of this interchange in- 
volves transamination and reductive amination. 

Another mechanism is involved in the formation (in the kidney) 
of arginine from citrulline in which the dicarboxylicamino acids also 
participate. Instead of transamination, the reaction might be 
designated as transimination, except that the dehydrogenation of 
the amino group of the dicarboxylicamino acid does not occur 
prior to its reaction with the citrulline but while it is in combination 
with it. 

The discovery of an extremely active mechanism for converting 
citrulline to arginine in the kidney suggests a hitherto unsuspected 
source of the arginine which the kidney requires for, among other 
purposes, the transamidination reaction with glycine to form gly- 
cocyamine. 

It seems improbable that a mechanism which can transform cit- 
rulline to arginine so quickly and act upon low concentrations of 
metabolites, less than 0.001 M, is inoperative zn vivo, teleological as 
the argument is. The question then arises, what is the source of 
the citrulline? The kidney cannot convert ornithine to citrulline. 


‘ It is interesting in retrospect that this interchange of amino nitrogen 
could have been inferred from the fact that ammonia exerts considerable 
nitrogen sparing action even in man. The continual and extensive syn- 
thesis and breakdown of protein was deduced from this and other data (27). 
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If one accepts the ornithine-urea cycle in the liver as proposed by 
Krebs and Henseleit (8), the liver can hardly supply the citrulline, 
because in that cycle the existence of the citrulline is only transitory 
on its way to arginine. 


SUMMARY 


1. Citrulline is converted to arginine at a rapid rate by rat and 
guinea pig surviving kidney slices. This property is almost com- 
pletely lost when the cell structure is destroyed. 

2. Either aspartic acid or glutamic acid is necessary for this re- 
action (in addition to citrulline). 

3. Proline, hydroxyproline, lysine, and ornithine may replace 
the dicarboxylicamino acids in this reaction. Evidence is adduced 
that they do so by being converted first to glutamic acid (or, pos- 
sibly but less likely, to aspartic acid). 

4. Arginine is formed from citrulline and a-ketoglutaric acid and 
ammonia or oxalacetic acid and ammonia. Evidence is presented 
that these products of oxidative deamination are reduced by kid- 
ney slices to form the parent dicarboxylicamino acids. 

5. This formation of arginine from citrulline is nearly com- 
pletely inhibited by oxidative inhibitors, KCN, As,O3, and As,O;, 
indicating an oxidative step in the reaction mechanism. The 
cyanide inhibition is relieved in part by the a-keto acid derivative 
of methionine, by oxalacetate, and by pyruvate. The inhibition 
by AseO; and AsO; is not relieved by these metabolites. An in- 
terpretation of these findings is presented. 

6. The oxidative step is not a dehydrogenation of the amino 
group of the dicarboxylicamino acid (to form the imino group) 
prior to its reaction with citrulline. Evidence is presented that 
this oxidation may be located at a hypothetical intermediate com- 
pound of citrulline and the dicarboxylicamino acid. 

7. Arginine formation from citrulline can be used as an indicator 
of the “preferred” direction of some of the reversible processes in 
the metabolism of the cells. Some examples are presented. 
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THE EFFECT OF FEEDING di-LYSINE MONOHYDRO- 
CHLORIDE ON THE STORAGE OF LIVER GLYCOGEN 
AND THE URINARY EXCRETION OF ACETONE BODIES* 


By GEORGE O. SHARP anp CLARENCE P. BERG 
(From the Biochemical Laboratory, State University of Iowa, Towa City) 


(Received for publication, July 7, 1941) 


Present knowledge concerning the possible conversion of lysine 
to glucose or to acetone bodies seems to be based entirely on data 
obtained by Dakin in two tests on the phlorhizinized dog and two 
on the surviving liver (1913). Dakin considered the results too 
indefinite to have demonstrated the formation of either product. 
Interest in the metabolism of lysine prompted us to reexamine this 
problem by applying the more recent techniques of determining 
glycogen deposition in fasting, but otherwise normal, rats after 
lysine feeding and of measuring the increase or decrease in acetone 
body excretion after administration of lysine or of glutaric acid 
(a possible metabolite) either to the fasted rat or to the rat fed 
sodium butyrate to increase the ketonuria.' 


EXPERIMENTAL 


The lysine used was the di modification, synthesized as the 
dihydrochloride by the method of Eck and Marvel (1934) and 
converted to the monohydrochloride with pyridine.? Its purity 
was verified by analysis for total nitrogen (Scales and Harrison, 
1920) and for amino nitrogen (Van Slyke, 1913-14). Although 


* The data presented in this communication are taken from a disserta- 
tion submitted in June, 1941, by George O. Sharp in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy in the Department of 
Chemistry in the Graduate College of the State University of Lowa. 

! A similar study of dl-lysine metabolism has appeared since this paper 
was submitted for publication (Butts and Sinnhuber, 1941). Essentially 
the same conclusions were reached. 

? This method of conversion was suggested by Dr. E. T. Mertz. An 
analogous procedure has since been published (Rice, 1939). 
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male rats apparently deposit liver glycogen more readily (Deuel, 
Gulick, Grunewald, and Cutler, 1934), females were used through- 
out to avoid sex difference in comparisons with studies on acetone 
body excretion for which the female is preferable (Butts and 
Deuel, 1933). The rats were secured from Sprague-Dawley, 
Inc., and prior to the period of fasting (or between fasting periods) 
were kept on a stock diet of Purina Dog Chow. During the fasting 


TaBLe I 
Liver Glycogen Formation from dl-Lysine Monohydrochloride in Female Rats 
Fasted 48 Hours 


Total 


Liver glycogen Additional 

Gene | Mest | Avene | at ,| hydro. | fasting or 

ol ee bane Te a 
gm. ue Hg rT - a a4 T —— hrs. 
I 6 165 0.20 | 2.42 | 0.80 None 0 
II 8 170 0.21 2.61 1.15 1.5 532 i 
III s 160 0.23 1.15 0.61 0.82 1064 8 
IV S 167 0.29 1.94 0.89 0.93 1596 12 
V 6 171 0.33 1.45 0.64 None 12 


* The weight range was 154 to 181 gm. 

+ In the calculations of the ratio of mean difference (m.p.) to probable 
error of mean difference (p.£. of M.p.) control Groups I and V were con- 
sidered as a single group. Ratios below 3 are usually not regarded as 
significant. 

t Feeding of the dl-lysine monohydrochloride was by stomach tube in 
doses of 532 mg. at 4 hour intervals. The solution contained 250 mg. per 
ec. Analysis of a number of samples indicated that on the average 532 mg. 


were delivered by the 2 ec. syringe and tube 


periods and the periods of lysine and glutaric acid feeding Cellu 
flour® was available continuously. 

Glycogenesis—The experimental data for the studies on gly- 
cogenesis appear in Table I in condensed form. To secure com- 
parable conditions each rat was injected subcutaneously with 
40 mg. of sodium amytal 35 minutes before its liver was removed. 

3 Essentially finely ground sugar-, starch-, fat-, and protein-free vege- 


table cellulose obtained from the Chicago Dietetic Supply House, Ine. 
Preliminary tests indicated that its feeding was without effect on glycogen 


content or on acetone body output. 
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Of several anesthetics tested in studies involving periodic removal 
of liver samples over several hours time Murphy and Young 
(1932) found that sodium amytal caused the least glycogenolysis; 
we have found its use in similar class projects preferable to stun- 
ning. The livers were analyzed in their entirety by an adaptation 
of the method of Good, Kramer, and Somogyi (1933), in combina- 
tion with the Somogyi modification (1926) of the Shaffer-Hartmann 
sugar method. The liver glycogen content of the individuals in 
each group varied widely, but no more so than in similar analyses 
(on fasted controls) recorded in the literature. The conclusion 
that the livers of the experimental groups did not contain ap- 
preciably more total glycogen or glycogen per gm. than those of 
the fasted controls is supported by statistical analysis of the data. 
Calculations based on the absorption studies of Doty and Eaton 
(1937-38) suggest that demonstration of glycogen formation 
should have been possible had even 5 per cent of the glycogen 
equivalent to 3 of the carbon atoms of the natural /(+) component 
absorbed been deposited in the liver. 

Ketogenesis and Ketolysis (or Antiketogenesis)—The rats used in 
the acetone body studies were housed in metabolism cages allowing 
collection of the urine under oil. The urines were analyzed daily 
for total nitrogen by the macro-Kjeldahl method (Seales and 
Harrison, 1920) and for total acetone bodies by the method of 
Van Slyke (1917). The latter results are recorded as ‘‘total ace- 
tone bodies calculated as acetone” on the assumption that 75 per 
cent of the acetone bodies were present as 6-hydroxybutyrie acid. 

The feeding data and averaged analytical results obtained in the 
two series of tests (Series I and II) on acetone body excretion fol- 
lowing the ingestion of dl-lysine monohydrochloride are presented 
in Table II. The considerable variation in daily output of both 
nitrogen and total acetone bodies in these and the other studies 
may be attributed in part to biological differences, in part to the 
failure of the technique to insure the separation of the urine into 
24 hour fractions representing the total urine secreted, rather than 
the urine voided. The output of total acetone bodies by all of the 
animals was low, but not lower than in some of the studies recorded 
in the literature. The data on total nitrogen excretion indicate 
that at least a third of the lysine monohydrochloride fed per day 
was absorbed. Calculations suggest that even if the d(—)-lysine 
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component were completely unmetabolizable, the /(+)-lysine 
would have been ample, if ketogenic, to have caused a small but 
significant increase in excretion of acetone bodies. Analyses by 
the acetone body procedure of solutions containing much more 
lysine monohydrochloride (1.2 gm.) than could have been ex- 
creted per day or of sodium chloride (0.6 gm.) equivalent to all of 
the chloride present in the lysine monohydrochloride fed daily 
yielded precipitates too small (equivalent to 0.006 gm. of total 
acetone bodies per sq.m.) to require special consideration. Sta- 
tistical evaluation of the data indicates that the results obtained 
are of doubtful significance, particularly in Series I. The data do 
not warrant concluding that dl-lysine monohydrochloride is 
ketogenic. 

Two series of rats (Nos. II] and IV) were fed both dl-lysine 
monohydrochloride and sodium butyrate (Table II). In the 
studies on Series III, which were chronologically the first of all 
attempted, the 2.4 gm. of lysine monohydrochloride fed each day 
were equivalent to the sodium butyrate, but because this much 
lysine monohydrochloride proved to be extremely toxic when fed 
alone, the dosage was reduced in all subsequent studies to 1.63 gm. 
per day. The averaged results, especially those in Series IV, may 
appear to indicate that lysine is ketolytic (or antiketogenic), but 
this is due to the very high acetone body output of a single rat on a 
single day in each of the control series. Statistical evaluation in- 
dicates that the differences between the experimental and the 
control groups are not significant in either series. The greater 
total nitrogen excretion per day by the experimental animals in 
these than in the series fed lysine alone would suggest that more 
lysine was absorbed and metabolized. In general the findings are 
in accord with those on glycogenesis. 

Glutaric Acid As Ketogenic or Ketolytic (or Antiketogenic) Agent— 
Ringer concluded that glutaric acid did not alter appreciably the 
excretion either of sugar or of the acetone bodies in the phlorhi- 
zinized dog (1912) and suggested (Ringer, Frankel, and Jonas, 
1913) that glutaric acid may be a metabolite of lysine. 

Preliminary tests indicated that rats would survive the feeding of 
only small amounts of glutaric acid each day; the 0.33 gm. dosage 
was apparently small enough to be non-toxic. In the initial test 
for ketogenesis (Series V, Table II) five rats (Group A) were fed 
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the acid and five (Group B) served as controls. After an inter- 
vening period of 9 days on stock diet, during which all animals ap- 
proximately regained their original weights, these regimens were 
reversed (Series VI). Comparisons between the groups during 
their periods on glutaric acid feeding and their periods when fed 
only water, as well as comparisons between the experimental and 
control animals in each period, indicate a somewhat greater output 
of total acetone bodies after glutaric acid feeding. Excretion of 
glutaric acid could hardly have influenced the results; 0.6 gm. 
samples analyzed by the Van Slyke procedure produced pre- 
cipitates equivalent to less than 0.002 gm. per sq.m. per day for rats 
of the size employed. Statistical treatment suggests that the 
differences between the output in the control and experimental 
animals of Series V may be significant; the absolute differences, 
however, seem so small as to be of little practical consequence. 

The ketolytic (or antiketogenic) effect of glutaric acid was tested 
similarly in rats (Groups C and D) fed an equivalent amount of so- 
dium butyrate. In both Series VII and VIII (Table II) the 
glutaric acid feeding lowered the average total acetone body out- 
put and raised the nitrogen excretion slightly. In Series VII the 
acetone body output was higher, the total nitrogen excretion 
lower than in Series VIII. Statistical evaluation of the results 
indicates that the reduction in output of acetone bodies induced by 
feeding glutaric acid may possibly be significant. Again, however, 
the differences are not striking or of the order observed in feeding 
substances definitely ketolytic (or antiketogenic). 


SUMMARY 


dl-Lysine monohydrochloride fed to fasted rats in amounts al- 
lowing maximum absorption over periods of 4, 8, and 12 hours pro- 
duced no greater glycogen deposition in the liver than was found in 
fasted controls. 

The average output of total acetone bodies in two groups of rats 
during a 3 day period of dl-lysine monohydrochloride feeding was 
only slightly greater than in the corresponding control groups re- 
ceiving no lysine. When the di-lysine monohydrochloride was fed 
with sodium butyrate during a 4 day period, it was found to reduce 
the acetone body output slightly below that obtaining in the 
controls. Critical study of the data and evaluation by statistical 
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methods do not seem to justify assuming that the differences ob- 
served in either series are significant. 

Glutarie acid fed in similar tests caused similar responses. 
Smaller individual variations in the experimental and control 
groups make the differences between the two appear statistically 
more significant, but not strikingly so. The results obtained do 
not oppose the possibility that glutaric acid may be an intermediate 
in the metabolism of lysine. 
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ABSORPTION EXPERIMENTS WITH VITAMIN A 


By G. A. LePAGE* anv L. B. PETT 


(From the Department of Biochemistry, University of Alberta, 
Edmonton, Canada) 


(Received for publication, June 19, 1941) 


Results are here reported of investigations on absorption and ex- 
cretion of vitamin A with human subjects. The literature seems 
lacking in experimental work of this nature. 

It has been found that a large percentage of the vitamin A given 
to subjects cannot be accounted for as such in the blood, and a 
search has been made for changed forms or destruction products of 
the vitamin. Spectrographic methods have revealed a rather 
broad absorption band in the blood and feces of individuals who 
had taken massive doses of vitamin A. This band, not shown by 
blood and feces of individuals on a normal diet, seems to indicate 
a degeneration product of vitamin A. Evidence is given here 
from purely chemical investigations on vitamin A concentrates of 
a relationship of this degradation product to vitamin A. 


EXPERIMENTAL 


Blood and Feces Analyses 


The subjects used in these experiments were all males, 20 to 30 
years of age, in good health, not under treatment nor on special 
diets, and, by the criterion of the Pett visual test (1), normal as to 
vitamin A status. 

The first experiment, carried out on three individuals, involved 
the feeding of a relatively small dose of vitamin A. 

Each subject was given a 20 grain charcoal pill. After a short 
interval, a blood sample was taken and 10,000 1.v. of vitamin A 
administered orally. The vitamin A source used was a carotene- 


* Assisted by a grant to Professor G. Hunter from the Associate Com- 
mittee on Medical Research of the National Research Council, Canada. 
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free oil (50,000 1.u. per gm.). Further blood samples were taken 
after 1, 3, 5, and 8 or 24 hours. These were all analyzed for 
vitamin A by the method of Pett and LePage (2). 

The feces were collected, and those containing the charcoal were 
analyzed for vitamin A and carotene. The feces analysis was 
carried out according to the method of von Wendt (3), with some 
slight modifications. Urine collected showed no vitamin A. 

In the method, as used, the day’s stools were mixed with an- 
hydrous sodium sulfate and extracted with 95 per cent ethanol, 
first 300 ml., then three successive 100 ml. portions. For each 
extraction the alcohol was mixed with the sample intermittently 
for half an hour, then filtered off rapidly with suction. The com- 
bined extracts were mixed with 200 ml. of 60 per cent alcoholic 
KOH and refluxed on a boiling water bath for 10 minutes. The 
saponified extract was chilled, diluted to 50 per cent alcohol with 
distilled water, and extracted with 200 ml., then with four suc- 
cessive 100 ml. portions of petroleum ether.!. The combined ex- 
tracts were washed five times with distilled water in 100 ml. 
portions. The resulting extract was dried with anhydrous sodium 
sulfate and filtered into a graduated cylinder. Aliquots were 
taken for analysis. 

For carotene estimation the vellow color was matched against 
10 mm. of 0.02 per cent K:Cr.O; solution in a colorimeter. The 
yellow was calculated as 8-carotene. For the three subjects, caro- 
tene values as 8-carotene were found to vary from 300 to 700 
per day’s feces. 

For vitamin A analysis of the feces, an aliquot of the petroleum 
ether extract was taken, the solvent evaporated in a stream of 
nitrogen, and the residue taken up in chloroform. This was mixed 
with chloroformic antimony trichloride in a colorimeter as de- 
scribed by Pett and LePage (2) and vitamin A calculated from the 
blue color developed. The amount of blue developed here in each 
case accounted only for the 8-carotene in the feces, as the latter also 
gives a blue color. We thus conclude that, following the ingestion 
of 10,000 1.v. of vitamin A, there was no free vitamin A excreted in 
the feces. 

! The petroleum ether used in these experiments was treated so as to be 
free from peroxides, aldehydes, unsaturated compounds, and aromatics, 
so that impurities might not complicate the spectrographic observations. 
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The results of the blood analysis are shown in Table I. 

From the data for plasma vitamin A shown in Table I, using the 
assumption that the blood constitutes one-twelfth of the body 
weight, and that the plasma is 55 per cent of the total blood vol- 
ume, we calculated the percentage of the dose given which was 
circulating in the blood. These percentages are also shown in 
Table I. 

1 week later, the same three subjects, and two additional ones, 
were given a 20 grain charcoal pill each, blood samples were taken, 


TABLE | 
Plasma Vitamin A after Feeding 10,000 International Units of Vitamin A 


Time after vitamin A 


Subject given Plasma vitamin A 
hrs. i.u. per 100 ml. per cent of dose 
R. ¢ 0 54 
] 73.5 
3 75 6.2 
5 73.5 
24 58 
A. I 0 47.5 
l 47.5 
3 61 3.9 
5 68 5.9 
8.2 55 
L. B. P. 0 70 
l 66 
3 86 4.7 
5 83 
8.2 65 


and 300,000 1.v. of vitamin A were administered orally. Further 
blood samples were taken at 2, 4, 6, 8, and 24 hours. These were 
all analyzed for vitamin A. The results of this analysis are given 
in Table II. 

The feces sample containing the charcoal and those for 2 days 
after were analyzed for vitamin A and carotene in each case for the 
three subjects. The feces analysis is given in Table ITI. 

Results—As may be observed from Table II, the greatest per- 
centage of the dose given, accounted for in the blood as vitamin A, 
is 3.19, in the case of L.B. P. In this same subject, the amount re- 
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covered in the feces is 0.46 per cent of the dose given. Thus 96.35 
per cent must be considered as withdrawn by the tissues, not yet 
absorbed, or disposed of in other ways. While much of the vitamin 


TaB.e II 
Plasma Vitamin A after Feeding 300,000 International Units of Vitamin A 


Subject ae Plasma vitamin A 
hrs. i.u. per 100 ml, per cent of dose 
R. C. 0 52 
2 60 
4 226 1.72 
6.2 46 0.43 
8 74 
24 48 
A. I | 0 50 
2 54.5 
} 210 1.53 
6 83 0.31 
| » 
Ss 64 
14 53 
BL. B. P. 0 71 
2 93 
4 398 3.19 
6 382 3.04 
8 212 
24 78 
W. D. | 0 73 
| 2 71.5 
4 265 1.92 
| 6.1 203 1.30 
7.6 147 
24 72 
P. B. 0 63 
2 59 
4 262 1.99 
6 145 0.82 
8 110 
24 78 


A may be rapidly withdrawn by tissues, it does not seem probable 
that this large proportion of such a large dose could be stored in so 
short a time. In view of this, and the findings of Baumann, 
Riising, and Steenbock (4), that only 10 to 20 per cent of ad- 
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ministered vitamin A could be accounted for as vitamin A by 
analysis of rat tissues, it was decided to pursue the investigation 
further. The problem appeared to be one of searching for de- 
struction products of vitamin A in the blood and feces. We began 
the search for such products by spectrographic examination of 
purified extracts of the blood and feces after administration of 


vitamin A. 
Spectrographic Investigation 


Apparatus—A Bellingham and Stanley (England) quartz spectro- 
graph fitted with a rotating sector mounted directly on the in- 
strument was used. The light source is a spark between tungsten 
steel electrodes. Two | em. cells, fitted with quartz ends, permit 
comparison of solution and solvent, in respect to transmission of 


TaB.e III 
Vitamin A in Feces after Intake of 300,000 International Units (As 
International Units per Day) 


Subject R.C. A. L. L. B. P. 
Ist day 1670 126 667 
2nd “ ;' 525 1427 670 
Sra“ 0 389 65 
Total.... 2195 1942 1402 


the light. An adjustable sector opening behind the solvent cell 
compensates for the increased exposure times, and permits match- 
ing of the adjacent strip photographs for density. The actual 
photograph taken is about 5 inches long, covering wave-lengths 
from 4651 to 2210 A. The instrument has been carefully cali- 
brated by several standard methods. The plates are developed 
under standard conditions, and the curves plotted by visual com- 
parison in special apparatus. 

Procedure—Three subjects were again given doses of 300,000 
1.U. of vitamin A. Control blood and feces samples were collected 
just previous to this. 

A blood sample was taken from each of the three subjects 4 hours 
after administration of the vitamin A. The feces of each for the 
next 3 days were collected and pooled in each case for analysis. 
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Both blood and feces were analyzed for vitamin A. In addition, 
aliquots were extracted and prepared for spectrographic examina- 
tion. 

Blood Plasma—The aliquot of the blood plasma sample was 
saponified, extracted, washed, and evaporated to dryness in a 
stream of nitrogen at 30—40°, as in the plasma vitamin A analysis. 
It was then taken up in 15 ml. of absolute ethanol plus 1.5 ml. of 
60 per cent alcoholic KOH. This solution was refluxed on a boil- 
ing water bath for 10 minutes, chilled, and extracted with 25, 20, 
and 15 ml. portions of petroleum ether. The combined extracts 
were washed twice with successive 20 ml. portions of distilled water, 
once with 10 ml. of dilute alcoholic KOH, and then with three 
successive 20 ml. portions of distilled water. The extract was 
dried with anhydrous sodium sulfate, filtered, and evaporated in a 
stream of nitrogen. The residue could then be taken up in the 
required amount of cyclohexane-ethanol mixture? for spectro- 
graphic examination. 

Absorption curves for the blood extracts are shown in Fig. 1. 

Feces—An aliquot of the feces extract in each case was evapo- 
rated to dryness in a stream of nitrogen at room temperature and 
the residue taken up in 10 ml. of absolute alcohol plus 1 ml. of 
60 per cent alcoholic KOH. The solution was refluxed on a boil- 
ing water bath for 10 minutes, chilled, extracted with three sue- 
cessive portions of petroleum ether, and otherwise prepared as the 
blood samples were. 

Absorption curves for feces extracts are shown in Fig. 2. 

The same treatment was used on control blood and feces samples. 

The analysis data are given for these extracts in Table IV. 

The absorption curves of these extracts, obtained by spectro- 
graphic examination, are shown in Figs. 1 and 2. 

The concentration of the blood extracts was such that 1 ml. of 
cyclohexane-ethanol solution = 1 ml. of blood plasma, with the 
exception of the control sample of subject W. D. in which the con- 


2 This cyclohexane-ethanol mixture, 20 per cent cyclohexane and 80 per 
cent absolute ethanol, was used as solvent in spectrographic observations 
other than assays, because it was a better fat solvent, absolute ethanol 
being a poor fat solvent and not able to take up some residues rapidly. 
This solvent shifts the characteristic vitamin A absorption band of 328 
my toward 310 mg. Cholesterol absorption adds to this apparent shift. 
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centration was doubled. In examination of feces extracts the 
concentrations were such that 1 ml. of cyclohexane-ethanol solu- 
tion = 1 ml. of petroleum ether extract except in the cases of sub- 
jects W. D. and L. B. P. after the vitamin dose. In the latter two 
eases the concentration was doubled. The volumes of the petro- 
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Fic. 1. Speectrographic absorption curves of blood before and after in- 
gestion of vitamin A. Curve 1 (L. B. P.), Curve 2 (W. D.), Curve 3 (A. L.), 
blood after vitamin dose; Curve 4 (L. B. P.), Curve 5 (W. D.), Curve 6 
(A. L.), eontrol blood. 





leum ether extracts of feces were fairly constant, being 500 ml. for 
single specimens, 1500 ml. for pooled 3 day specimens. 

In the absorption curves, a peak is shown at 275 my. This is not 
present in control blood or control feces extracts, nor in the vitamin 
A concentrate used. 











754 Absorption of Vitamin A 





LOG I./I =DENSITY 
Ww 
i?) 





1 i L L 
270 290 310 330 a0 


WAVE LENGTH IN Mu 

















Fia. 2. Spectrographic absorption curves of feces before and after inges- 
tion of vitamin A. Curve 1 (W. D.), Curve 2 (L. B. P.), Curve 3 (A. L.), 
feces after vitamin dose; Curve 4 (L. B. P.), Curve 5 (W. D.), Curve 6 
(A. L.), control feces. 


TABLE IV 


Analysis Data of Extracts Used for Spectrographic Examination 


Subject Plasma vitamin A, Plasma vitamin A Feces vitamin A for 
initial 4 brs. after dose 3 day period 
t.u. per 100 ml. i.u. per 100 ml. tu. 
“— ® J 70 876 9,820 
A. L. 50 119 1,694 
W. D. 60 359 13,600 


Results—Several facts are apparent from these balance ex- 
periments. The blood analysis data show that normal individuals 
reach a maximum blood vitamin A level 4 to 5 hours after oral 
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intake of the vitamin, as was also found by de Haas and Meulemans 
(5) and Chesney and MecCoord (6). In none of the cases observed 
did more than 8 per cent of the vitamin appear in the blood stream 
at its maximum level. More usually the proportion in the blood 
was much less than this. In no case did excretion of vitamin A 
in the feces exceed 4 per cent of that administered. The excretion 
was more usually of the order of 0.4 per cent. 

About the same percentage of the vitamin A dose given appears 
in the blood whether 10,000 or 300,000 1.v. be given, but naturally 
the actual amount is higher with the large dose. 

No vitamin A was found in the feces after doses of 10,000 1.v., 
but some was found after 300,000 1.u. If the amount found with 
the large dose is calculated for the small one, it is only 50 to 100 
1.u. This amount could be missed in our procedure by calculating 
that all the yellow color of the extract is due to carotene. That 
there is an error in this assumption is indicated by the investiga- 
tions of Moore (7) on bovine feces. He found 30 per cent of the 
color due to yellow pigments of no vitamin A activity. This 
error would not, however, be very significant in respect to the de- 
ductions for carotene in blood, or that for carotene in feces after 
large doses of vitamin A. 

Blood and feces of normal individuals after large doses of vitamin 
A have been shown to contain a substance giving an absorption 
band in the ultraviolet at about 275 mu. Since this band was not 
found in control feces or blood, nor in the vitamin A concentrate, 
it would seem that it must be attributed to some chemical entity 
produced metabolically from vitamin A. Further chemical evi- 
dence will be presented that such is the case and that the product is 
partially oxidized vitamin A. 


Chemical Treatment of Vitamin A Concentrates 


It was assumed that the substance showing absorption at 275 
mu, found in blood and feces after administration of large doses of 
vitamin A, was either an oxidation or a reduction product of the 
vitamin. Experiments were planned to test this hypothesis on the 
material used for the feeding experiments (50,000 1.u. per gm.). 
Eventually two other concentrates were also used. These were a 
ling cod liver oil (196,000 1.U. per gm.) and a shark liver oil (112,700 
1.U. per gm.). 
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In each case a 50 mg. sample of the oil was weighed into a 50 ml. 
Erlenmeyer flask; 20 ml. of 95 per cent ethanol and 2 ml. of 60 per 
cent alcoholic KOH were added, and the solution was refluxed on a 
boiling water bath for 10 minutes. Then it was chilled, diluted 
with distilled water to 50 per cent alcohol, and extracted with 
25, 20, and 20 ml. of petroleum ether. The combined extracts 
received washes in the extraction funnel with two successive 20 ml. 
portions of distilled water, with 10 ml. of 6 per cent alcoholic KOH, 
and finally with three successive 20 ml. portions of distilled water. 
The extract was dried with anhydrous sodium sulfate, filtered, and 
washed into a 100 ml. Erlenmeyer flask. The solvent was evapo- 
rated in a stream of nitrogen at 30—40° and the residue taken up in 
20 ml. of absolute ethanol. 

The above purification, when carried out on a 50 gm. sample of 
the shark liver oil, yielded about 6 gm. of a yellow-orange oil, 
having, at \ 328 mu, Ej} 2, = 543, potency 870,000 1.v. of vita- 
min A per gm. 

This solution of purified residue in 20 ml. of absolute ethanol was 
convenient for oxidation or reduction treatments and the reaction 
could be carried out in the same vessel. 

Reduction was tried by addition of sodium amalgam to this 
alcohol solution and subsequent extraction of the products. Spee- 
trographic examination showed that destruction of considerable 
vitamin A had occurred, but the only absorption band was that at 
328 mu, characteristic of vitamin A. 

Oxidation was tried by addition of hydrogen peroxide to the 
purified samples. This reagent assayed 28.35 per cent H2O.. The 
procedure for this oxidation was the same for all three of the oils 
used, varying with the oil only in respect to the time of exposure to 
the oxidant. One was exposed 20 minutes; another showed the 
desired effects after a 35 minute exposure. 

In the preliminary work with blood and feces extracts after 
vitamin A administration, and in these purely chemical experi- 
ments, one component at least of those absorbing in the ultra- 
violet proved somewhat unstable. Hence precautions were 
found necessary in this procedure. 

To the solution of purified concentrate in 20 ml. of absolute 
ethanol, 5 ml. of the hydrogen peroxide were added. 

The mixture was maintained at 70° in a water bath, and nitrogen 








G. A. LePage and L. B. Pett 757 


was bubbled through it. At the conclusion of the required time, 
the extract was diluted with an equal volume of distilled water and 
quickly chilled to —22° in a freezing mixture. The solution was 
then extracted with 25, 20, and 20 ml. of petroleum ether. The 
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Fig. 3. Spectrographic absorption curves of vitamin A concentrates 
(in mg. per ml.), before and after oxidation. Curve 1, carotene-free oil, 
0.2 mg.; Curve 2, shark liver oil, 0.10 mg.; Curve 3, ling cod liver oil, 0.05 
mg.; Curve 4, shark liver oil after oxidation, 0.75 mg. ; Curve 5, ling cod liver 
oil after oxidation, 0.35 mg.; Curve 6, carotene-free oil after oxidation, 
0.2 mg. 


combined extracts were washed five times with successive 20 ml. 
portions of cold distilled water, dried with anhydrous sodium sul- 
fate, and filtered into a 100 ml. flask. In this the petroleum ether 
was quickly taken off under a vacuum. The residue was taken up 
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in cyclohexane-ethanol mixture, diluted to the required concentra- 
tion, and examined spectrographically at once. 

On suitable oxidation treatment with hydrogen peroxide, the three 
vitamin A concentrates all gave absorption curves of the same 
features as those obtained with blood and feces after vitamin A 
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Fic. 4. Spectrographic absorption curve of an “‘oxidized’’ shark liver 
oil added to normal serum, and the control curves. (Taken with technical 


assistance from S. Sereda and K. McKerns.) 


administration. That is, they all exhibited the absorption max- 
imum due to vitamin A at 328 mu and also a maximum in the 
vicinity of 275 mu. The curves obtained for these oils before and 
after oxidation are shown in Fig. 3. 

These curves of the oxidized material tend to lose the absorption 
in this region during the Ist hour or 2 after chemical treatment, sug- 
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gesting the lability of the substance concerned, and its further 
chemical change. 

The possibility that steroid material, of which the chief one 
present is cholesterol, might be interfering was checked by ob- 
taining absorption curves for cholesterol in concentrations similar 
to those involved in this work. Curves given for it accounted only 
for general absorptions in this region, similar to the absorption 
curves shown for control blood and feces samples. 

Finally, suitable quantities of shark oil oxidation mixture were 
added to normal blood serum, extracted as above, and the ab- 
sorption spectrum determined. Fig. 4 shows the curves. It is 
clear that such an oxidation product can be determined in blood. 

Results—Since oxidation of a purified vitamin A concentrate 
produces a substance with an absorption band very similar to that 
of the substance in blood and feces after a vitamin A dose, it would 
seem that the substance in question is an oxidation product of 
vitamin A. 

In work on vitamin A assays, Morton and Heilbron (8) report 
that one of the first decomposition products on oxidation of vitamin 
A exhibits an absorption band at 275 to 285 mu. Edisbury and 
Morton (9) found a material in a vitamin A concentrate which was 
insoluble in 83 per cent methanol and showed a bioassay too high 
to be residual vitamin A. This fraction gave an absorption band 
at 285 to 290 mu. Castle et al. (10) report obtaining from vitamin 
A concentrates a substance absorbing at 270 to 280 my which they 
state to be an oxidation product of vitamin A. Karrer et al. 
(11) separated a highly concentrated vitamin A into two fractions, 
one absorbing at 328,my, the other at 270 mu. Edisbury et al. 
(12) report that ozone attacks vitamin A with production of, first, 
a compound having an absorption maximum at 290 mu, then one 
with a maximum at 272 my. On the basis of similar structures, the 
latter authors suggest that ozone must attack a double bond in the 
side chain, then another, both selectively. These references all 
seem to confirm the suggestion that the chemical identity of the 
product found absorbing at 275 my is an oxidation product of 
vitamin A. 

Under the conditions where it was found in both blood and 
feces, at least two explanations are possible, and both should be 
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considered. Either the oxidation product is produced in the blood 
after absorption, in which case some must be excreted again, or it is 
produced in the gastrointestinal tract and part of it absorbed. A 
study of individuals with various abnormalities, such as liver dys- 
function and faulty fat absorption, might throw some light on this 
point. 

Criticism could be offered that perhaps the source of this material 
in blood and feces extracts was oxidation during the purification 
procedures. However, this possibility is small when it is con- 
sidered that the oils which were examined after the same pro- 
cedure of saponification, ete., did not show any such character- 
istic absorption. Also, the calculation of vitamin A in blood and 
feces from spectrographic plates agreed with the assays obtained 
by colorimetric measurements previous to this purification. 


SUMMARY 


1. Quantitative experiments on the absorption of orally ad- 
ministered vitamin A by humans indicate that 88 to 96 per cent of 
the vitamin ingested cannot be accounted for in blood and feces 
as vitamin A. 

2. A substance was found in blood and feces after ingestion of 
large doses of vitamin A which seems to be a closely related oxida- 
tion product. 

3. Strong evidence that this related substance is an oxidation 
product of vitamin A has been obtained by purely chemical in- 
vestigation. 

4. The nature of the oxidizing system and the importance of the 
fate of the oxidized product remain to be determined. 

5. Incidental to the work, blood levels of vitamin A during ab- 
sorption from the intestinal tract have been determined for several 
persons. 
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Aqueous extracts of beef spleen have been shown to contain at 
least three proteolytic enzymes of widely different specificity (1). 
Beef spleen Cathepsin I hydrolyzes carbobenzoxy-l-glutamyl- 
l-tyrosine and does not require the addition of an activator such as 
cysteine. Beef spleen Cathepsin II hydrolyzes benzoyl-l-argin- 
ineamide when an activator such as cysteine is added. Beef 
spleen Cathepsin IIT hydrolyzes /-leucineamide in the presence of 
activators such as cysteine or ascorbic acid. In the present com- 
munication, the identification of a fourth proteolytic component 
(Cathepsin IV) of beef spleen cathepsin is reported. Further- 
more, counterparts of these four enzymes have also been found in 
beef kidney and swine kidney. 


Identification of a New Proteolytic Enzyme in Beef Spleen 
Cathepsin . 

An indication for the presence of a fourth proteolytic component 
in beef spleen cathepsin was obtained by a comparative study of 
the action of a cysteine-activated spleen extract upon benzoyl- 
l-arginineamide, benzoyl-l-lysineamide, carbobenzoxyglycyl-l- 
phenylalanine, and carbobenzoxyglycyl-l-tyrosine. It was pre- 
viously reported (2) that Cathepsin II is unstable at pH values 
more acid than 4. It will be noted from the data in Table I that 
the activity of beef spleen cathepsin toward carbobenzoxyglycyl- 
phenylalanine is more resistant to acidity than is the activity of 
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Cathepsin II. It must be concluded that carbobenzoxyglycyl- 
l-phenylalanine is hydrolyzed by a cysteine-activatable enzyme 
other than Cathepsin II. This component is the Cathepsin IV 
mentioned above. The data in Table I indicate also that at 
pH 3.5 and 3.9 the activities of spleen cathepsin toward benzoyl- 
arginineamide and benzoyllysineamide decreased in a parallel 
manner. This indicates that benzoyllysineamide is split by the 
same enzyme as is benzoylarginineamide; 7.c., Cathepsin IT. 


TABLE | 
Effect of Increased Acidity on Activity of Beef Spleen Cathepsin 

Samples of a solution of beef spleen cathepsin (1.40 mg. of protein N per 
ec. of enzyme solution) were adjusted to pH 3.9 or 3.5 with Nn acetic acid and 
kept at these pH values for 1 hour at 40°. The pH of the enzyme solutions 
was then brought to 5.0 with n NaOH. Ina control experiment a mixture 
of n acetic acid and Nn NaOH was made up in the proportions applied above 
and then added to the enzyme. The control enzyme solution was also kept 
at 40° for 1 hour. The three above enzyme solutions were tested for enzy- 
matic activity in the presence of cysteine (0.01 mm per cc. of test solution), 
The pH of the test solution was 4.8; the temperature was 40°. 


Cc* X 10° 
Substrate Treated enzyme 
Control 
pH 3.9 pH 3.5 
Benzoyl-l-arginineamide (4) 8.3 5.2 2.8 
Benzoyl]-l-lysineamide (5) 1.0 2.4 1.3 
Carbobenzoxyglycyl-l-phenylalanine (6) 1.2 rs 3.5 


oC = K (first order) (3). 
mg. protein N per cc. test solution 

A sample of beef spleen cathepsin was dialyzed against distilled 
water, and its activity upon the previously mentioned substrates 
was tested before and after dialvsis. The data in Table IT show 
that on dialysis the proteolytic coefficient toward benzovlar- 
ginineamide rises slightly,! while the proteolytic coefficients toward 
carbobenzoxyglyevlphenylalanine and carbobenzoxyvglyeyltyro- 
sine drop markedly. This decrease is of the same magnitude for 
both substrates. It may therefore be concluded that the hy- 
drolysis of carbobenzoxyglycylphenylalanine and carbobenzoxy- 
glycyltyrosine is due to the same enzymatic component of spleen 
cathepsin; 7.¢e., Cathepsin IV. 


! This increase is due to the loss of protein other than Cathepsin II. 
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It had previously been found (1) that carbobenzoxy-l-glu- 
tamyl-l-phenylalanine is hydrolyzed by two different enzymatic 
components of beef spleen cathepsin, one of which (Cathepsin I) 
is effective in the absence of an added activator, while the other is 
activated by cysteine. It has now been found that the activity of 
this second, cysteine-activatable enzyme was not diminished when 
the beef spleen extract was kept at pH 3.9 and 40° for 1 hour, but 
that this enzyme is lost when the spleen extract is dialyzed against 
distilled water for 48 hours. This behavior is similar to that pre- 
viously found for Cathepsin IV, and it may be assumed that the 
cysteine-activatable beef spleen component that acts on carbo- 
benzoxyglutamylphenylalanine is identical with the component 


Tasie II 

Loss of Cathepsin IV Activity on Dialysis of Beef Spleen Cathepsin 
A solution of beef spleen was dialyzed against 1 per cent sodium chloride. 
The resulting Solution A was then dialyzed against distilled water for 48 
hours at 4° to give an enzyme Solution B. Solutions A and B were tested 
for proteolytic activity with cysteine as activator (0.01 mm per cc. of test 
solution). ‘Temperature, 40°; pH 4.8 to 5.1. 


C X 108 | 








. Cathepsin 
Substrate — — 
Enzyme Enzyme component 
| Solution A | Solution B 
Benzoy!-l-arginineamide 8.0 9.1 II 
Carbobenzoxyglycyl-l-phenylalanine sini 3.7 re . 
Carbobenzoxyglycyl-l-tyrosine (7) «| 2.3 0.9 | 4 


that hydrolyzes carbobenzoxyglycylphenylalanine; namely, Ca- 
thepsin IV. This tentative conclusion cannot, at present, be sub- 
jected to a decisive test by comparing, under various experimental 
conditions, the reaction rates of the cysteine-activated catheptic 
hydrolyses of carbobenzoxyglycylphenylalanine and carbobenzoxy- 
glutamylphenylalanine. Since the latter substrate is hydrolyzed 
simultaneously by two spleen components, rate constants for its 
hydrolysis cannot be calculated. 


Cathepsins of Beef Kidney and Swine Kidney 


Cathepsin I—Similarly to beef spleen, extracts of beef kidney 
and swine kidney contain enzymes (beef kidney Cathepsin I and 
swine kidney Cathepsin I) that hydrolyze carbobenzoxy-l-glu- 
tamyl-l-tyrosine in the absence of added activators. These 
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enzymes are rapidly inactivated at 50°. This thermolability was 
utilized to show that Cathepsin I in beef kidney and swine kidney 
hydrolyzes not only carbobenzoxyglutamyltyrosine but also the 
compound carbobenzoxy-l-glutamyl-/-phenylalanine. It will be 
noted in Table III that after the enzyme solutions were heated at 
50° for 15 minutes the activity toward the two substrates de- 
creased to the same degree. 

Cathepsin I1—The substrate for cysteine-activated beef spleen 
Cathepsin II, benzoyl-l-arginineamide, is also hydrolyzed by beef 
kidney and swine kidney extracts after cysteine has been added as 
the activator. The enzymes responsible for these hydrolyses are 


Taste III 
Heat Inactivation of Cathepsin I 

Solution A of beef kidney cathepsin (1.55 mg. of protein N per ec. of 
enzyme solution) was heated at 50° for 15 minutes and then was chilled in 
ice water to give a beef kidney cathepsin solution (B). A Solution A of 
swine kidney cathepsin (1.10 mg. of protein N per ec. of enzyme solution) 
was also treated as above to yield a swine kidney cathepsin solution (B). 
0.5 ec. of the enzyme Solutions A and B was employed for the hydrolytic 
experiments. No cysteine was added. Temperature, 25°; pH 5.3 to 5.5. 


Carbobenzoxy-l-glutamy|l- Carbobenzoxy-l-glutamy|- 
l-tyrosine (8 l-phenylalanine 
Enzyme solution 
K(B) K(B) 
, oO ' 104 = 
K X 10 K(A) K X A 
Beef kidney, A 6.2 2.6 
” ™ B 3.0 0.48 1.2 0.46 
Swine ” A 7.0 3.5 
” " B 5.3 0.76 2.6 0.74 


designated beef kidney Cathepsin IL and swine kidney Cathepsin 
II. The first order velocity constants for the hydrolysis effected 
by these enzymes are proportional to the enzyme concentration 
within the limits employed (Table IV). The value of the pro- 
teolytic coefficient for benzoylarginineamide (Cg,4,) for beef spleen 
extract was previously found to be about 0.008, corresponding to 
t enzyme units per mg. of protein nitrogen, when an enzyme unit 
is defined according to a previous paper (3). On the same basis, 
the beef kidney extract used in the experiments reported in Table 
IV contained 3.6 units per mg. of protein nitrogen, while the swine 
kidney extract contained 12 units per mg. of protein nitrogen. 
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Beef kidney Cathepsin II and swine kidney Cathepsin II were 
also found to hydrolyze benzoyl-l-lysineamide. The experimental 
data will be presented in a succeeding section of this paper. 

Cathepsin II1I1—Both beef kidney and swine kidney extracts 
contain an enzyme (Cathepsin III) that hydrolyzes /-leucineamide 
and /-leucylglycine at pH 5 when ascorbie acid or cysteine has been 


TABLE IV 
Hydrolysis of Benzoyl-l-arginineamide by Cathepsin IT of Beef and 
Swine Kidney 
0.01 mo of cysteine per ce. of test solution. Temperature, 40°; pH 4.7. 


Source of enzyme eS ee K X 104 Cc X 108 
| mg. | 

Beef kidney | 0.13 y | 6.9 
0.20 14 7.0 
0.33 24 7.3 

Swine kidney 0.05 12 24 
0.10 26 26 
0.21 51 | 24 


TABLE V 
Comparison of Cathepsin III Activity in Beef Spleen, Beef Kidney, 
and Swine Kidney 
Temperature, 40°; pH 5.0 to 5.2. 


Beef spleen Beef kidney Swine kidney 


Substrate Activator, 0.01 mm cathepsin * cathepsinf cathepsinf 
per cc. test solution 
K X 10* CX 10°/K X 10*| C X 10° K X 10 CX 10° 
| 
l-Leucineamide | Cysteine 33 9.2 | 3.0 | 1.0 |} 11 3.7 
Ascorbic acid | 7 | 1.9 | 0.6 | 0.2 | 2.2] 0.7 
l-Leucylglycine | Cysteine 16 4.4/1.2) 0.4] 5 | 1.7 


* 0.36 mg. of protein N per cc. of test solution. 
t 0.30 mg. of protein N per ce. of test solution. 


added as activator (Table V). It will be noted that the Cathepsin 
III activity per mg. of protein nitrogen is much smaller in beef and 
swine kidney than in beef spleen. 

Cathepsin IV —Extracts of beef kidney and swine kidney have 
been found to contain cysteine-activatable enzymes (beef kidney 
Cathepsin IV and swine kidney Cathepsin IV) that hydrolyze 
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carbobenzoxyglycylphenylalanine. Swine kidney extracts show a 
particularly high Cathepsin IV activity. It may be calculated 
from the data in Table VI that beef spleen extracts contain 1.5 
Cathepsin IV units per mg. of protein nitrogen, beef kidney 3 
Cathepsin IV units, and swine kidney 16.5 Cathepsin IV units. 


TaBLe VI 
Hydrolysis of Carbobenzoryglycyl-l-phenylalanine by Beef Spleen, Beef 
Kidney, and Swine Kidney 


Cysteine, 0.01 mm per cc. of test solution. Temperature, 40°; pH 4.9. 


! 
Protein N per ce. K X 10 CX 108 


Sou ty : 
yurce of enzyme tent eotation 


mg. 

Beef spleen 0.14 4 2.9 
0.28 S 2.9 
0.56 15 2.7 
~ kidney 0.21 12 5.7 
0.28 16 5.7 
0.42 25 6.0 

Swine si 0.05 16 2 

0.10 34 34 

34 


0.21 71 


TaBLe VII 


Effect of Cysteine on Hydrolysis of Carbobenzory-l-glutamyl-l-tyrosine 


Temperature, 25°; pH 5.3 to 5.5. 


— Hydrolysis in 2 hrs. 
Protein N per ce . a 


Sa . fe , 
purce ol enzyme test solution 


No cysteine Cysteine* 
mg. per cent per cent 
Beef spleen 0.29 22 24 
«kidney 0.31 15 37 
Swine +4 0.18 10 36 


*0.01 mm per cc. of test solution. 


In an earlier section of this paper evidence was presented to 
indicate that Cathepsin IV, when activated, hydrolyzes the typical 
substrates of Cathepsin I (carbobenzoxy-l-glutamy]-/-phenylal- 
anine and carbobenzoxy-l-glutamyl-l-tyrosine). This explains 
why tissues that are relatively rich in Cathepsin IV show a marked 
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increase in the hydrolysis of carbobenzoxyglutamyltyrosine on ad- 
dition of cysteine (Table VII). Beef spleen, which is relatively 
poor in Cathepsin IV, shows no appreciable increase in the hydrol- 
ysis of carbobenzoxyglutamyltyrosine when cysteine is added. 


Classification of Cathepsins in Revised System of Proteolytic 
Enzymes 

In the past, proteolytic enzymes were classified as dipeptidases, 
polypeptidases, and proteinases (9). Consequently, the catheptic 
enzymes, as Classified according to this scheme, included one 
dipeptidase, one aminopolypeptidase, one carboxypolypeptidase, 
and one proteinase (10). However, during recent vears informa- 
tion has been gathered that requires revision of the above classi- 
fication. In particular, the specificity and mechanism of the action 
of proteinases has been studied further (11). Moreover, it has 
been observed repeatedly that aminopeptidases and carboxypepti- 
dases may also split dipeptides, and consequently the existence of 
a separate group of dipeptidases may be questioned (6, 12-14). 

The revised classification proposed in Table VIIT is based on the 
nature and position of the chemical groups in the peptide chain of 
the substrate that are required for the action of various proteolytic 
enzymes. However, the sensitivity of a substrate to a given pro- 
teolytic enzyme is determined not only by the groups in the pep- 
tide chain of the substrate but also by the nature of the constituent 
amino acids. Consequently, each of the classes in Table VIII may 
be subdivided further on the basis of the amino acid residues in the 
substrates that are essential for the action of specific enzymes. 

It will be noted that pepsin and trypsin belong to the group of 
carbonylproteinases, while chymotrypsin is an imidoproteinase. 
The Cathepsins I of beef spleen, beef kidney, and swine kidney fall 
into the group of carbonylproteinases. This conclusion is based 
on the fact that glutamyltyrosine is not split by these enzymes and 
no substrate has been found for them that does not have a peptide 
linkage adjacent to the carbony] side of the sensitive peptide bond. 
Cathepsin II is also a carbonylproteinase. Cathepsin IIT splits 
l-leueineamide besides [-leucylglycine and therefore must be an 
aminopeptidase. Cathepsin IV appears to be a carboxypeptidase, 
since carbobenzoxyglycylphenylalanineamide is not split ap- 
preciably by a cysteine-activated swine kidney extract that is rich 
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TABLE VIII 


Revised Classification of Proteolytic Enzymes 


Class Enzyme Requisite groups in peptide chain 


Peptidases (exopeptidases (15)) 


Aminopepti- Intestinal R 
dases aminopepti- 
tidase NH,.-CH-CO—NH--- 


Cathepsin III It 
| 


R 


NH.-CH-COOH + NH:,--: 


Carboxypepti- | Pancreatic R 
dases carboxy- 
peptidase -» CO—NH-CH-COOH 


Cathepsin I\ f 


| 
| 
‘ 


-+- COOH + NH,-CH-COOH 


Proteinases (endopeptidases (15)) 


Carbonylpro- (a) Pepsin R 
teinases Cathepsin 
I -»-CO—NH-CH-CO—NH--- 
(b) Trypsin I 
Papain* R 
Cathepsin 
II -+ - CO—NH-CH-COOH + NH:--: 
Imidoprotein- | Chymotryp- R 
ases sint 


CO—NH- CH-CO—NH--- 


vi 


R 
-»+-COOH + NH,-CH-CO—NH-:-: 


* The component of papain that hydrolyzes benzoyl-l-arginineamide. 

+ Chymotrypsin is designated an imidoproteinase because it hydrolyzes 
l-tyrosylglycineamide at the peptide linkage joining the tyrosyl and glycyl 
residues (unpublished experiments) and also hydrolyzes carbobenzoxy- 


tyrosyiglycineamide (7). 
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in Cathepsin IV and highly active toward carbobenzoxyglycyl- 
phenylalanine. 

Additional support for this classification has been obtained by 
comparing the action of several enzymes upon two test substrates 
in a quantitative manner. Thus, the Cathepsins II of beef spleen, 
beef kidney, and swine kidney are compared with respect to their 
action on benzoylarginineamide and benzoyllysineamide (Table 
IX). The proteolytic quotient Cpa,/Cgra was found to be es- 
sentially the same (2.2 to 2.5). New determinations of the reaction 
velocity constants for the hydrolysis of the above substrates by 


TABLE IX 
Hydrolysis of Benzoyl-l-arginineamide and Benzoyl-l-lysineamide by 
Several Proteolytic Enzymes 
In all cases, except that of trypsin, cysteine was present in a concentra- 
tion of 0.01 mM per cc. of test solution and the temperature was 40°. In 
the experiments with trypsin, the temperature was 25°. 
| 





Cc X 108 
» ; 8 _——— | CBAA 
— ‘4 Benzoylar- Benzoylly- | CBLA 

yon > | sineamide | 
Beef spleen Cathepsin I] 4.7 8.3 3.8 | 32.2 
” kidney ‘“ ey 4.7 8.7 3.7 | 2.3 
Swine “ 1 pa 4.7 27 11 | 2.5 
Trypsin 7.4 42 20 2.1 
Papain 5.0 167 | 7 | 2.1 

= 


crystalline beef trypsin (cf. also (5)) gave a proteolytic quotient 
Cras/Cpia of 2.1. Furthermore, with cysteine-papain a pro- 
teolytic quotient of Cpa,/Cpria of 2.1? was obtained. 

The similarity of the proteolytic quotients Cga4/Cpra for the 
five enzymes is the more striking since the enzymes compared differ 
in their pH optimum and activation behavior. In our opinion, 
this similarity exists because the five enzymes all act upon their 


2It was found that the proteolytic activity toward each substrate 
dropped to 30 per cent of the original value after treatment of a papain 
solution at pH 2 for 17 hours at 21°. The fact that the quotient Cpaa/CBLA 
was unchanged indicates that the two substrates are split by the same 
enzymatic component of papain. 








‘ 
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substrates by a similar reaction mechanism; they all are car- 
bonylproteinases. 

The hydrolysis of the substrates benzoylglycy|-l-arginineamide 
and benzoylglycyl-l-lysineamide by crystalline trypsin has already 


TABLE X 
Comparison of Cathepsins IV with Crystalline Carborypeptidase 
In all cases, except that of carboxypeptidase, cysteine was present ina 
concentration of 0.01 mm per cc. of test solution and the temperature was 


10°. In the experiments with carboxypeptidase, the temperature was 25°, 
Cc X 108 
Cnn 
. . O- CGP 
Enzyme pH . arbo : Carbo- - : 
eNZOXy- he * CCGT 
glyeyl-l- | oyecLy ; 
phenylala- tee ae 
nine si 
Beef spleen Cathepsin IV 5.0 2.5 1.5 1.7 
‘« kidney “ _ 5.1 6.3 1.0 1.6 
Swine ot #3 ” 5.0 34 19 18 
Carboxy peptidase * ut 6570 3620 1.8 


* This preparation was kept at 0° for over 1 year and thus had lost some 
activity. 


TABLE XI 
Comparison of Cathepsin I Activity in Beef Spleen, Beef Kidney, and 
Swine Kidney 
No cysteine was added. Temperature, 25°; pH 5.3 to 5.5. 


p N | Carbobenzoxy-l-glu- Carbobenzoxy-!l- . 
. rotein : | tamy 1-l-phenylalanine glutamy!]-l-tyrosine CCGP 
Source of enzyme | per ce. test 


solution j CCGT 


KX10 | CX 10° K X 10+ CX 10 


| 
mg. | | 
| 


Beef spleen | 0.45 a- - 2am 14.7 3.3 0.48 
‘kidney 0.31 2.6 | 0.84 6.2 2.0 | 0.42 
Swine 7 0.22 3.5 1.6 7.0 3.2 0.50 


been studied (16) and the quotient Cpgaa/Cpo ia was found to be 
1.8. This value is close to those given above for the quotient 
Cpaa/Caia- 

In Table X the Cathepsins IV of beef spleen, beef kidney, and 
swine kidney as well as crystalline carboxypeptidase from beef 











ly 


1e 
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pancreas are compared with respect to their action on carbo- 
benzoxyglycyl-l-phenylalanine and carbobenzoxyglycyl-l-tyrosine. 
It will be noted that the proteolytic quotient Ccegp/Ccgr was found 
to be 1.6 to 1.8. Here again enzymes are compared which differ 
with respect to pH optima and activation behavior but which be- 
long to the same group of carboxypeptidases. 

The proteolytic quotients Cegp/Ccgr for the hydrolysis of car- 
bobenzoxy-l-glutamyl-l-phenylalanine and  carbobenzoxy-l-glu- 
tamyl-l-tyrosine by the Cathepsins I of beef spleen, beef kidney, 
and swine kidney were found to be 0.42, 0.48, and 0.50, respectively 
(Table XI), thus indicating that the phenylalanine-containing 
substrate is hydrolyzed at a rate one-half of that of the tyrosine- 
containing substrate. It will be recalled that in the case of 
Cathepsin IV the phenylalanine-containing substrate was hy- 
drolyzed at nearly twice the rate of the hydrolysis of the tyrosine- 
containing substrate. This difference in the quotients for Cathep- 
sin I and Cathepsin IV indicates that these two enzymes have 
different mechanisms of action, and serves as added support for the 
classification of Cathepsin I and Cathepsin IV in separate classes 
(Table VIII). 


The authors wish to express their thanks to Mr. Maurice 
Rapport for valuable assistance in this investigation. 


EXPERIMENTAL 


The beef spleen cathepsin solutions were prepared as described 
in a previous paper (2). The same procedure was employed for 
the preparation of beef kidney cathepsin and swine kidney cathep- 
sin. Crystalline trypsin was prepared according to the directions 
of Kunitz and Northrop (17). Crystalline carboxypeptidase was 
prepared by the method of Anson (18). The papain preparation 
was obtained as described in a previous paper (19). 

The course of enzymatic hydrolysis was followed by means of 
amino nitrogen determinations and the microtitration method of 
Grassmann and Heyde. The substrate concentration was 0.05 
mm per cc. of the test solution in all cases. The pH was adjusted 
by means of citrate buffers (near pH 5) and by means of phosphate 
buffers (near pH 7). 
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STUDIES ON THE MECHANISM OF HYDROGEN 
TRANSPORT IN ANIMAL TISSUES 


IV. THE SUCCINOXIDASE SYSTEM* 
By V. R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of 
Wisconsin, Madison) 


(Received for publication, May 5, 1941) 


The “homogenization”? method for studying tissue oxidations 
(1) has been used for the study of the succinoxidase system (2, 3) 
because it affords a simple method for eliminating side reactions, 
endogenous respiration, and superimposed effects due to further 
breakdown of fumarate. It has not been possible heretofore to 
know whether an enzyme has been damaged during the course of its 
preparation, because the determination of the amount of the en- 
zyme in the original intact tissue has not been made. The present 
study attempts to answer this question and represents a further 
application of the homogenization technique to the study of the 
succinoxidase system in the light of facts which have become 
available since the earlier publication. The two main points of 
the paper have arisen from the fact that cytochrome c can now be 
prepared in relatively pure form (4), and the fact that methylene 
blue has been shown to stimulate some succinoxidase systems and 
to inhibit others (5). The succinoxidase system as it is now known 
is made up of at least three components; namely, succinic dehy- 
drogenase, cytochrome c, and cytochrome oxidase. 


EXPERIMENTAL 
Enzyme—-Rat liver which had been freshly homogenized and 
diluted with 9 volumes of ice-cold m/30 sodium phosphate, pH 
7.4, was used unless otherwise indicated. This material will be 
referred to as a “‘homogenate.” 
* This investigation was supported by the Jonathan Bowman Fund for 


Cancer Research. 
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Substrates—Eastman sodium succinate was brought to pH 7.4 
before use. Merck’s hydroquinone was recrystallized from water. 

Cytochrome c—The preparation was carried out according to 
Keilin and Hartree (4) except that the final product was dialyzed 
against distilled water instead of 1 per cent sodium chloride, since 
it was found that chloride inhibits the succinoxidase system. 

Apparatus—Oxygen uptake was measured in a conventional 
Warburg apparatus at 24°, which was the temperature at which 
the spectrophotometric rate measurements were carried out. 
Alkali cups were used except when otherwise specified, and in these 
cases parallel experiments proved they were unnecessary. Side 
arms were not used except in experiments with hydroquinone. 
All results are reported in terms of the Qo,; 7.e., oxygen uptake per 
mg. of dry tissue per hour. Readings were taken every 10 minutes 
and the linear rate was chosen. The rate of cytochrome c reduc- 
tion was studied by means of a Cenco-Sheard spectrophotelom- 
eter (6, 7). 


Cytochrome c and Dilution Effect 


At a tissue dilution of about 1:100 the endogenous respiration is 
abolished and added succinate is oxidized to fumarate at a rate 
which is proportional to the amount of tissue added. Potter and 
Elvehjem defined the dilution effect as “the lowering of the 
Qo, which occurs when tissue suspensions are diluted”’ (1) and ob- 
served that it occurred in the case of endogenous respiration and in 
the presence of added glucose or lactate but not in the case of added 
succinate (1, 2). Elliott and Greig (3) confirmed the latter point. 
Since it is generally agreed that cytochrome c is a part of the sue- 
cinoxidase system (3) and since this compound is water-soluble, 
one would expect to obtain a dilution effect in the case of the 
succinoxidase system owing to the diffusion of cytochrome c away 
from the tissue particles. Moreover, added cytochrome would be 
expected to raise the Qo, of the system. The data in Fig. 1 con- 
firm the latter prediction but not the former. It is demonstrated 
that cytochrome c raises the Qo, of the preparation,' but since the 
same Qo, is observed with different amounts of the homogenate no 
dilution effect is demonstrated by these data. Since it is not pos- 


1 In the presence of succinate; the endogenous respiration is not raised 
by the addition of cytochrome c to this preparation. 
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sible to measure the Qo, of concentrated suspensions of the homo- 
genate owing to limitations in the rate of oxygen diffusion, the 
dilution effect can only be studied over a rather narrow range of 
tissue concentrations when homogenates are used. In order to 
determine whether a dilution effect had occurred when intact cells 
were homogenized, it therefore became necessary to compare the 
rate of oxygen uptake due to the succinoxidase system in intact 


-¥ 2 





10 








6) de ban s. 4 4 — = 


0 ] 3 5 10 


+ 





Moles of added cytochrome c per flask (x10) 


Fie. 1. The effect of cytochrome c on the succinoxidase system in a liver 
homogenate at dilutions of 1:100 and 1:150. Each flask contained 0.3 ml. 
of 0.25 m sodium phosphate, pH 7.4, 0.3 ml. of 0.5 m sodium succinate, pH 
7.4, plus various amounts of 10-4 m cytochrome c as indicated, plus 0.2 ml. 
(indicated by X) or 0.3 ml. (indicated by ©) of 10 per cent liver homogenate, 
plus water to make 3.0 ml. 


cells with the same system in comparable homogenized cells. Al- 
though it is not possible to rule out endogenous respiration and 
side reactions in the intact cells, it is possible to get a maximum 
Qo, which one would not expect to exceed with disintegrated cells. 
Data from such an experiment are shown in Fig. 2. The minced 
liver was obtained by using a special mincer® adjusted to give the 
critical particle size needed to permit adequate inward diffusion of 


? Seevers, M. H., and Shideman, F. E., Science, 94, 351 (1941). 
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oxygen with minimum loss of cytochrome due to outward diffu- 
sion. That both conditions were well met is demonstrated by the 
data. A comparison of the minced tissue with the homogenized 
tissue in the absence of added cytochrome shows that a marked 
loss of activity has occurred in the case of the disintegrated cells, 
That this loss in activity is only a simple dilution effect is demon- 
strated by the fact that the addition of cytochrome ¢ to the homo- 


40} — 











Fig. 2. Evidence for a dilution effect in the succinoxidase system due to 
a loss of cytochrome c. Minced tissue (©), versus homogenized tissue (X), 
in air (continuous line) and in oxygen (broken line). Each flask contained 
phosphate, succinate, and water as in Fig. 1, plus cytochrome as indicated, 
plus homogenate or mince equivalent to 20 mg. of fresh liver. 


genate restores the Qo, approximately to the level of the intact 
cells. The latter value here obtained is in fairly good agreement 
with the values obtained by Rosenthal (8) with liver slices. 

The previous absence of a dilution effect (1-3) as well as that 
deduced from Fig. 1 may be explained on the assumption that a 
homogenate consists of particles of protoplasm which can be classi- 
fied into two main categories: (a) particles which are so large that 
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eytochrome ¢ cannot diffuse out and thus maintains an effective 
local concentration and (b) particles which are small enough so 
that the cytochrome c is lost into the medium. It should be 
pointed out that the homogenate contains very few intact cells or 
nuclei although it is increasingly apparent that the word “homo- 
genized’”’ is not altogether applicable, and “disintegrated” would 
be a better term. In addition to the two types of particles listed 
above it appears that there are particles with active centers on the 
outside which lack cytochrome c and active centers on the inside 
with cytochrome c in situ. According to the above explana- 
tion the succinate Qo, in the absence of added cytochrome is due 
to the cytochrome originally contained in the liver and is occurring 
mainly in the larger particles, which are not affected by dilution. 

We shall now mention a number of facts, none of which proves 
the above hypothesis but which collectively support it. It is of 
course implicit in the hypothesis that all of the hydrogen trans- 
port proceeds via cytochrome c, and that even in the absence of 
added cytochrome c the transport is brought about by the cyto- 
chrome c which is contained in the system. Up to the present no 
investigator has been able to state the cytochrome content of such 
a system. However, we have recently developed a quantitative 
method for cytochrome c and on the basis of analyses made by 
Mr. K. P. DuBois it can be shown that the cytochrome c content 
of each flask, when none is added separately, is about 3 y or ap- 
proximately 2 X 10-'° mole when 30 mg. of liver are used. From 
this it can be calculated that the amount of cytochrome c required 
to saturate the dispersed succinoxidase system is such that the re- 
sulting cytochrome molarity in the buffer medium approximates 
the cytochrome molarity in the intact liver cell. This fact is 
considered to be rather significant. The “turnover number” 
of cytochrome c¢ (9) in the intact cell is about 4000 according to 
these data. The fact that it is considerably lower in the case of the 
homogenized cells is by no means a reflection of damage to the 
enzymes involved but is simply due to the fact that they are 
dispersed in a larger volume. 

Given the amount of cytochrome originally present in the liver 
tissue, one can plot Qo, against total cytochrome instead of added 
cytochrome, as has been done in Figs. 1 and2. This has been done 
in Fig. 3, with a greatly expanded abscissa, and it is apparent that 
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the Qo, does not extrapolate to zero at zero cytochrome concentra- 
tion. This observation is also readily explained on the basis of 
variation in particle size. 

The hypothesis will also explain certain paradoxical results 
which were obtained when the rate of cytochrome ¢ reduction was 
measured spectrometrically. When these rates were calculated in 
terms of oxygen uptake, they were always lower than the observed 
rates as measured in the Warburg apparatus, although the rate of 
reduction of cytochrome ¢ should not be slower than the over-all 
rate of oxygen uptake. Although this observation as well as the 


20 
%2 


10 





‘ ‘ rm —ip 








0 + - : 
0 1 2 3 % v 


C 
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Fic. 3. Extrapolation to zero cytochrome concentration in the succinoxi- 
dase system. Each flask contained phosphate, succinate, and water as in 
Fig. 1, plus 0.3 ml. of 10 per cent liver homogenate containing 2 X 10-" 
mole of cytochrome c, plus various amounts of added cytochrome to give 


the values indicated. 


preceding one could also be explained on the basis of an alternate 
transport mechanism, the proposed explanation seems more in 
harmony with all of the facts. For instance, the fact that the 
oxygen uptake is completely inhibited by cyanide at a concentra- 
tion between 10-* and 10~* mM supports the idea that cytochrome 
c is an obligatory component of the system. 

It is easy to prove that the activity of the succinoxidase system 
is bound up in particles which vary greatly in size. When a 10 
per cent liver homogenate was centrifuged for 10 minutes at vary- 
ing speeds and the supernatant fluid was assayed for succinoxidase 
in the presence of an excess of cytochrome c, it was found that over 
50 per cent of the activity was sedimented at a speed of only 
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500 r.p.M. At a speed of 3500 r.p.m. over 90 per cent of the ac- 
tivity was sedimented. Further experiments with an air-driven 
centrifuge were made through the courtesy of Dr. H. Lundgren. 
After centrifuging at 23,000 r.p.m. for 40 minutes no succinoxidase 
could be detected in the supernatant by the Warburg technique. 
Only the smallest traces of succinic dehydrogenase were detectable 
by the spectrometric technique and it was shown that cytochrome 
oxidase was also present in similar amounts. 

Experiments analogous to those listed up to this point were 
done under various conditions but those which have been reported 
were carried out under as nearly optimum conditions as possible, 
and were done subsequent to the following experiments which 
have to do with the selection of the buffer medium. It was found 
that Ringer-phosphate (calcium-free) gave much lower uptake 
than sodium phosphate (NaH,PO, plus NaOH). The reason was 
traced to the chloride ion which is definitely inhibitory. The 
chloride effect is not due to hypertonicity. Inhibition by chloride 
is perhaps less surprising in view of the fact that in histochemical 
studies (10) chloride was not found inside the cells but was found 
only in the intercellular fluid. We found no essential difference 
between potassium phosphate and sodium phosphate. A pH of 
7.4 was used because it is physiological and because it gave better 
rates than pH 7.0 or 8.2. The molarity of the phosphate could be 
increased or decreased by 50 per cent without affecting the Qo, but 
larger changes gave marked decreases in the rate. Because of 
recent work by Colowick et al. (11, 12) magnesium ions plus or 
minus glucose were also tried as activators but no increase in rate 
was found. The homogenates apparently contain sufficient mag- 
nesium, phosphatase, and phosphate acceptor, so that these fac- 
tors, if necessary, were not limiting. Since the experiments in this 
paper were completed, unpublished work by Axelrod, Swingle, and 
Elvehjem has shown that the calcium ion (10 to 50 y) strongly 
activates the succinoxidase system in homogenates similar to those 
employed here. We have confirmed their observation at 38° but 
have found that at 24° the calcium effect is absent or negligible 
even with twice crystallized sodium succinate. That the calcium 
is effectively present in the experiments carried out at 24° is indi- 
cated by the relation between the rates with and without added 
calcium at the two temperatures. 
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Effect of Acid Precipitation 


The usual method for the preparation of the succinoxidase sys- 
tem is to bring a phosphate extract of the tissue to a pH of 4.5 to 
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Fia. 4. The effect of acid precipitation (pH 4.6) on succinoxidase and 
cytochrome oxidase. Each flask contained phosphate and water as in Fig. 
1, plus 0.5 ml. of 10-4 m cytochrome c and 0.4 ml. of 10 per cent liver homog- 
enate which had undergone various amounts of treatment, plus 0.3 ml. of 
0.5 m succinate (indicated by ©) or 0.3 ml. of 0.1 m hydroquinone (indicated 
by X). The enzymes were precipitated by adding 0.5 ml. of 1 N acetic acid 
to 10 ml. of homogenate to give a pH of 4.6. The temperature was 22°. 
After the indicated periods of time 2 ml. portions were withdrawn from the 
whole and brought to pH 7.4 with 1 n NaOH. An equivalent amount of 
sodium acetate, pH 7.4, was added to the unprecipitated controls. The 
rate of autoxidation of hydroquinone was zero as determined in a mixture 
which was identical with the others except that the liver homogenate had 
been in a boiling water bath for 10 minutes, then rehomogenized before 
being used. The Qo, for hydroquinone is based on the first 10 minutes of 


oxygen uptake, since it is not linear. 
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$.6, at which point an abundant precipitate forms. This is cen- 
trifuged down and resuspended in phosphate for use (9, 13, 14). 
The homogenate used in the preceding section afforded an ex- 
cellent opportunity to test the effect of acid treatment on the suc- 
cinoxidase system. Fig. 4 shows that a marked loss in activity 
results from the acid precipitation and that both cytochrome 
oxidase and succinic dehydrogenase are damaged by the acid. 
The homogenization technique makes it possible to compare the 
activity of the partially “purified” product with the untreated 
preparation. A similar experiment carried out at 5° resulted in 
much less damage to the enzymes, as might be expected. 


Effect of Methylene Blue 


The effect of methylene blue on the succinoxidase system is of 
particular interest at the present in view of the newer knowledge 
concerning cytochrome c reduction (15). The fact that certain 
preparations can be obtained which will reduce methylene blue but 
not cytochrome c has been used as evidence that an extra carrier 
occurs between the dehydrogenase and cytochrome c (9, 16). 
Various reports in the literature have given conflicting information 
regarding the stimulatory or inhibitory effect of methylene blue on 
the succinoxidase system (5). A large number of experiments by 
the author have shown that the reports can all be explained on the 
basis of the simple fact that methylene blue inhibits a complete 
succinoxidase system and stimulates an incomplete succinoxidase 
system. This fact probably holds for the coenzyme systems as 
well, in which similar effects by methylene blue have been noted by 
the author (17). It is apparent that a succinoxidase system can 
be incomplete in a number of ways. Thus it can be deficient in 
cytochrome c, succinic dehydrogenase, or cytochrome oxidase. 
In Fig. 5, the upper curve demonstrates inhibition of a complete 
system, while the lower curve shows stimulation in a system in 
which the oxidase has been blocked by cyanide. The middle 
curve represents a system which is incomplete owing to cytochrome 
deficiency. Since the system contains a small amount of cyto- 
chrome, the curve is the resultant of both stimulation and inhibi- 
tion. In Fig. 6 it is seen that methylene blue stimulates a suc- 
cinoxidase system which is incomplete because of damage by acid 
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(probably denaturation) and also because of cytochrome deficiency, 
From these studies the conclusion emerges that data in the liter- 
ature which show stimulation of the succinoxidase system by 
methylene blue are prima facie evidence that the system was in- 
complete. Since many studies have involved acid precipitation, 
incompleteness probably arose from damage due to acid as well as 
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Fia. 5. The effect of methylene blue on various succinoxidase systems: 
complete, cytochrome-deficient, and with the oxidase blocked by cyanide. 
Each flask contained phosphate, succinate, and water as in Fig. 1 plus 0.3 
ml. of 10 per cent liver homogenate and methylene blue as indicated. In 
addition the flasks contained cytochrome and cyanide as follows: O, 0.3 
ml. of 10-* m cytochrome per flask, no cyanide; @, no cytochrome, no 
cyanide; X,0.3 ml. of neutral 0.01 m sodium cyanide. No alkali was present 
in the center cups. 


from cytochrome deficiency. Spontaneous denaturation seems 
also to occur. From the coenzyme experiments (17) it seems 
likely that the same conclusion may apply to the coenzyme sys- 
tems as well. 

The inefficiency of methylene blue as a hydrogen carrier is also 
demonstrated in Fig. 5, from which it is seen that the addition of 
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methylene blue raised the Qo, of the cyanide-blocked system to a 
level slightly below that to which the complete system is lowered 
by the dye. From the data given it can be calculated that cyto- 
chrome c is about 1900 times more effective than methylene blue 
in this system. 














0 1 Me) 5 
Moles cytochrome c (x108) 


Fic. 6. The effects of methylene blue and cytochrome c on acid-pre- 
cipitated succinoxidase. The effect of acid precipitation on the methylene 
blue reducing power. Each flask contained phosphate, succinate, and 
water as in Fig. 1, plus 1.0 ml. of 10 per cent liver homogenate, plus cyto- 
chrome as indicated. X (continuous line), acid-precipitated enzyme (40 
minutes at pH 4.6, see Fig. 4); X (broken line), same as above, plus 1 X 10~° 
mole of methylene blue (see Fig. 5); ©, untreated enzyme plus sodium ace- 
tate as in Fig. 4 plus 1 X 10~* mole of methylene blue. The Qo, of 1.0 ml. 
of untreated homogenate in a complete system is too rapid to measure but 
may be inferred from Figs. 1 and 2. The cross-hatched area indicates 
the extent of the endogenous respiration at this dilution as obtained from 


three separate controls. 


DISCUSSION 


It is apparent from the data presented that an intact cell is not 
a necessary condition for the effective functioning of the succin- 
oxidase system. The possibility remains that there is a smaller 
architectural entity which is a functional unit in the system, and 
many of the properties seem to coincide with those which have 
been ascribed to mitochondria by Bensley (18). There is no 
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reason for believing that the succinoxidase system is unique in its 
ability to function in a disintegrated cell preparation which is 
properly supplemented. The main difference between this system 
and the coenzyme systems is that there are two more soluble 
biocatalysts in the latter, namely the dehydrogenase and the co- 
enzyme, and both of these are undoubtedly limiting factors in the 
coenzyme systems in homogenates. Evidence is at hand that the 
link between the coenzyme and cytochrome c is closely comparable 
with succinic dehydrogenase and both are probably associated 
with the solid particles with which this study has dealt. There 
is reason to believe that both may be flavoproteins analogous to 
the cytochrome c reductase which has been obtained in soluble 
form from yeast by Haas, Horecker, and Hogness (15). Since 
the latter reacts directly with cytochrome c, it has been proved 
that no intermediate link is required. In view of the non-physio- 
logical character of methylene blue as compared with cytochrome 
c it seems undesirable to place too much emphasis on experiments 
in which the ability of an enzyme preparation to reduce cyto- 
chrome c has somehow been lost, while the ability to reduce meth- 
ylene blue has been retained (9, 16). It is not impossible that the 
specific property of cytochrome c reduction may be lost by a de- 
naturation process which leaves a portion of the non-specific dye- 
reducing property intact. This assumption deserves at least as 
much consideration as the assumption that a hypothetical third 
biocatalyst is an intermediary between the dehydrogenase and 


cytochrome c. 


SUMMARY 

1. The succinoxidase system was studied by use of a preparation 
of homogenized rat liver in high dilution, at which endogenous 
respiration was eliminated. 

2. The liver homogenate oxidized succinate less rapidly than an 
equivalent weight of intact cells, as represented by a liver mince. 
This was considered to be evidence of a dilution effect. When the 
molarity of cytochrome c in the diluted homogenate was raised to 
the molarity of cytochrome c in the intact tissue, the dilution effect 
was eliminated and the Qo, was restored. Thus cytochrome c is 
probably the chief component which diffuses away from the system 
in the particles of the homogenate. 
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3. The usual method for preparing the succinoxidase system by 
precipitation at pH 4.6 results in the loss of most of the enzyme 
activity, on the basis of comparison with the original tissue. 

4. The effect of methylene blue upon complete and incomplete 
succinoxidase systems was studied. It was shown that the dye 
inhibits a complete system and stimulates an incomplete system. 
The dye was shown to be about 1900 times less effective than cyto- 
chrome ¢ as a hydrogen carrier in this system. 

5. The results were discussed with reference to the mechanism 
of hydrogen transport in the succinoxidase system. 


The author takes this opportunity to thank Professor T. R. 
Hogness of the University of Chicago for helpful discussion in 
connection with this problem. 
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CARBONATES AND BICARBONATES 
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There is a steadily increasing amount of evidence that the salts 
of organic acids with calcium and with other bivalent cations 
behave as if incompletely dissociated in solution. This is par- 
ticularly marked with di- and tribasic acids, but is also to be 
observed with monobasic acids (1-8). It is, therefore, quite likely 
that carbonic acid should form CaHCO;*, Ca(HCQOs)s, or CaCQOs, 
or any two, or all three, in solutions containing calcium. 

Greenberg and Moberg (9) suggested the possibility of the 
formation of complexes of carbonate with calcium or magnesium 
or with other substances in order to account for the apparent low 
activity of the carbonic ion in sea water. The suggestion was 
rejected by Buch, Harvey, Wattenberg, and Gripenburg (10) and 
seems never to have been further tested. 

The experiments to be reported were of two kinds: (1) titration 
of HeCOs in the presence of KC] and CaCl, or MgCl.; (2) determi- 
nation of the solubility of CaCO; in KCl] and in KHCOQ,; solutions. 


EXPERIMENTAL 


Titration Experiments—Into 50 ml. volumetric flasks, there were 
measured known volumes of HCl and MgCl, CaCl, or KCI solu- 
tions. After these were diluted to very nearly 50 ml., weighed 
amounts of KHCOs were introduced, and the flasks stoppered and 
shaken until complete solution and thorough mixing had been 
obtained. If necessary, HeO was added to the mark and the flasks 
were again inverted a few times. Alkaline mixtures were pre- 
pared by adding KHCO, to the MgCl. or CaCl, solutions and then 
adding NaOH solution and diluting to the mark. The pH was 
then determined with the Coleman glass electrode assembly. The 
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composition of the mixtures and the results obtained in the pres- 
ence of MgCl, and of CaCl. are given in Tables I and II. The 
results of the measurements in KC! solutions are not presented 
because they agreed with those calculated for pk’; = 6.34 and 
pK’, = 10.10, taken from the data of Shedlovsky and MacInnes 
(11) and of MacInnes and Belcher (12). 

Solubility of CaCO; in KHCO; Solutions—In all but two of 
Experiments 1 to 13, summarized in Table III, 25 mg. of a good 
grade of commercial c.p. CaCO; were added to the 500 ml. of a 
solution containing known amounts of KCl, KHCQOs;, and HC, 
with a total ionic concentration of 0.152. These solutions were 
contained in glass-stoppered volumetric flasks. In one experiment 
50 mg. and in another 250 mg. of CaCO ; were added as a check on 
the purity of the substance. After the solutions had stood at room 
temperature for the number of days indicated, with occasional 
shaking, pH was determined with a glass electrode and the re- 
mainder of the solution was filtered through paper. The first 
fifth was discarded and portions of the remainder were used for 
the determination of calcium by oxalate precipitation and _per- 
manganate titration. With small concentrations of calcium, as 
much as 100 ml. of solution was acidified and evaporated to 15 ml. 
before precipitation. The total CO, content was computed from 
the amount of bicarbonate added. In the case of the solutions not 
containing any bicarbonate, [COs] was calculated from pH and 
[Ca++] in the following manner, suggested by Dr. R. K. Cannan. 

Since 


2i'Ca**] + [H*] = 2/CO,"] + [HCO;-] + [OH™-] 


and since [H*] and [HCO] were negligible under the conditions 
employed, we may write 


} 


21Cat*] = [COs] K's = 


iCO,"| + 'OH 
K', 


from which 


{CO;*] = (2[Ca**] — [(OH-]) — 
2h’ 
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DISCUSSION 

Titration Experiments—As may be seen from Table I, the pH 
of the mixtures of KHCO; and MgCl, varied from 7.70 to 7.75, 
instead of being 8.22, as calculated from the dissociation constants. 
Mixtures containing added acid or alkali were, similarly, more acid 
than those in which KCl was used instead of MgCh. Attempts 
were made to formulate these differences as being due to the 
formation of Mg(HCOs)2, MgCOs3, and MgHCO,;*. The first was 
obviously unsatisfactory and the other two gave values for the 
dissociation constants that varied, regularly, with the pH. This 
indicated the possibility that both were formed and that the 
relative amount varied with the pH. 

If welet B = 1 minus theequivalents of HClor plus the equivalents 
of NaOH added in the presence of MgCl.,'b = 1 minus the equiva- 
lents of HCI or plus the equivalents of NaOH per mole of total 
CO, added in the presence of KCI of the same ionic strength and at 
the same pH. 


C = moles MgHCO,* 


[H*}[MgCoO,] 


K’, = ' 
*" [MgHCo;*} 


and A K’',/(H*) 


then AC = moles MgCO; 
and B = b(1 — C — AC) + C + 2AC, from which, 


B-—b 
(1 + 2A) — b(1 + A) 


If we assume a value of AK’, and let paH* = p/H*], it is 
possible to calculate C, and from this, and the values for 
[total CO.], K’;, K’,, B, and [Mg**], the value of K’aiss. 
[Mg**][HCO;-|/[MgHCO,;*]. As may be seen from Table I, the 
assumption that pK’, = 8.50 leads to values for K’aiss. ranging 
from 0.11 to 0.26. The two values that fall outside this range were 
obtained under conditions leading to the formation of very small 
amounts of complex. The twenty-one acceptable determinations 
led to an average value for K’aiss, = 0.17 + 0.01, pK’aiss. = 


' At the pH of these experiments, the water correction was negligible. 
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0.77 + 0.02. Actually the values are not known as accurately 
as these figures would indicate, for a change in the value of pK’, 
to 8.40 makes K’qiss. = 0.21 + 0.01. 

The lesser solubility of CaCOs restricted the range of observa- 
tions to be made in the presence of CaCl, to the region in which 
complex formation is less marked. However, it was evident that 
mixtures containing CaCl. were even more acid than were those 
containing MgCl, in the same concentration (Table I[). In terms 
of our theory, this might be due to a greater tendency to complex 
formation or to a greater dissociation of H+ from the former than 
from the latter. Both possibilities were explored and it was found 
that the more consistent values were obtained by assuming that 
pK’; for CaHCO;* = 7.90. With this value, it was found that 
K’siss, CAHCOs* varied from 0.12 to 0.35. Except for one value, 
obtained under conditions under which very little complex was 
formed, the average was 0.16 + 0.01; pK’ = 0.80 + 0.03. Just 
as with K’aiss, MgHCOs*, a change in the value of pK’, to 7.80 
produces a change in the value of K’aiss. CaHCO;*+. With this 
assumption, the value becomes 0.19 + 0.02. 

From the values for pK’aiss. MHCQO,;* and K’, thus obtained, it 
is possible to calculate values for pK‘aiss. MCQOs as follows: 


pK’ aiss. MHCO;* = p[M**] + p[HCO;-] — p[MHCO,*] 

pK’, = pH + p{MCO,] — p[MHCO,*] 

PK‘ aiss. MHCO;* — pK’, = pl[M**] + p[HCO;-] — pH — p[MCO;] 

pK’, = —p{HCO;-] + pH + p/[CO;7] 

pK‘aiss, MHCO;* pK’, + pK’, = p[M**] + p[CO;7] — p[MCO;] 
= DK’ aise. MCO; 


The value for pK’aiss, MgCO ; thus obtained is 2.37, which may 
be compared with the value for Mg oxalate, 2.55 at « = 0.2 and 
3.43 at uw = 0, found by Cannan and Kibrick (2) and by Money and 
Davies (3) respectively. Similarly the value for pK’aiss. CaCO, 
is 3.00, which is precisely that found by Money and Davies for Ca 
oxalate at «» = 0. The value 5.33 previously reported by Green- 
wald (1) for CaC,O, may be too high, perhaps because mixed 
complexes of Ca oxalate and citrate were formed. 

Solubility of CaCO;—-The value for the negative logarithm of 
the average value of the solubility product [Ca**][CO 37] in KCI 
solution was 8.007. It was less than this in solutions containing 
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large amounts of KHCOs, indicating complex formation. The 
extent of this was calculated as follows: 
p[Cat*] = 8.007 — p[CO;7] 
[Total complex] = [total Ca] — [Ca**] 


[total complex] 


G CO;*] = , 
[CaHCOs) = KH") 


K’ = [Ca*+][HCO;-]/[CaHCO;*] was then calculated in the 
usual manner. 


Tase III 
Solubility of CaCO; at Approximately 22° and pu 0.152 
Assuming pKg.p. = 8.007 
Ke = 


and p = 7.90 
Total | APPar- 


Experiment 7 Total HCl ; ent 
PNo. el On | xe] | PEee | caHcos* | [Cat*IIHCOr 
x 105 [(CaHCOs*} 
} xX 10 
1 21 0.1 | 8.85 | 28.5 | 8.09 
2* 21 0.2 | 8.50 | 45.5 | 8.01 
3 11 9.53 | 17.6 | 8.01 
4 11 9.50 | 19.5 | 7.93 
5t 3 9.30 | 21.0 | 8.00 
Average 8.007 
6 18 | 0.152 | 4.86 | 7.90 | 3.28) 7.32 1.30 0.76 
7 18 | 0.122 | 4.86 | 7.80 | 4.25) 7.61 1.44 1.37 
8 18 | 0.0912, 4.86 7.67 | 5.53) 7.75 1.56 1.70 
9 18 | 0.0608) 4.86 7.40 | 11.50 7.89 2.03 1.42 
10 120 | 0.152 | 9.72 | 7.70 | 7.06) 7.39 3.28 0.75 
ll 120 | 0.122 | 7.78 | 7.58 | 8.89) 7.51 4.09 0.80 
12 120 0.0912 5.83 | 7.70 | 8.84 7.51 3.68 0.67 
13 120 | 0.0608) 3.89 | 7.52 | 9.29) 7.86 2.17 1.72 


Average K’ = [Ca**][HCO;-]/[CaHCO;*] = 0.15 + 0.02; pK = 0.82 
+ 0.06. 

*50 mg. of CaCQs. 

t 250 mg. of CaCOs. 


The average for all eight determinations was 0.15 + 0.02, 
pK’ = 0.82 + 0.06 (Table III). Considering the numerous 
errors involved, these values are remarkably close to the value 
found in the titration experiments. 
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Physiological Significance—-From the figures presented in this 
paper, it would appear that ultrafiltrates of plasma or serum con- 
taining 1.25 mm of total Ca and 20 mm of BHCO; must contain 
about 0.14 mm of CaHCO,;* and 0.04 mm of CaCO. It would 
appear, therefore, that the frog heart method of McLean and 
Hastings (13) may measure not [Ca**| but calcium available to 
the frog heart. In simple saline-bicarbonate solution, this may 
be Ca**, CaHCOs*, or CaCQs, orallof them. In serum or plasma, 
or their ultrafiltrates, it may include other complexes of calcium, 


SUMMARY 


In the presence of CaCl or of MgCl, carbonic acid appears to 
have a greater H* dissociation than in KC! solutions of similar 
ionic strength. The solubility product [Ca**|{CO "| appears to be 
greater in KHCO,; solution than in KC] solutions. These differ- 
ences are believed to be due to the formation of complexes of the 
types MHCO,;* and MCO;. There have been calculated values 
for 

[H*][MCOs [M**][HCO,] 


— log and — log 
(MHCO,*] “© “(MHCO;*] 


that are quite consistent over great variations in pH, concentra- 
tions of total CO., and ratio of Ca, or Mg, to COs. 
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CARBON SUBOXIDE AND PROTEINS 


IV. THE ULTRACENTRIFUGAL BEHAVIOR OF CARBON SUBOXIDE- 
TREATED HORSE SERUM ALBUMIN* 


By J. L. ONCLEY, WILLIAM F. ROSS, anp ANN H. TRACY 


(From the Chemical Laboratory of Radcliffe College, Cambridge, and the 
Department of Physical Chemistry, Harvard Medical School, Boston) 


(Received for publication, September 11, 1941) 


In the reaction between carbon suboxide, O—C=—C=—=C=O, 
and proteins, already described (1), there was postulated the 
existence of intermediates of the type O—C=—CH—CO—NH- 
protein or O=C=CH—CO—O—C,H,-protein from reaction with 
the amino groups of lysine or the phenolic hydroxyls of tyrosine, 
respectively. The residual ketene linkage must react further 
either with a molecule of water to form a malonyl derivative with 
a free carboxyl group or with another amino or phenolic group to 
form a diamide, diester, or mixed derivative. In the earlier work 
it was found that the reaction with water was preponderant, thus 
replacing original amino or phenolic groups with carboxyls. 

The second possibility was not, however, eliminated. Reaction 
of the intermediate with additional side chain residues might be 
intramolecular if appropriate groups were sufficiently near the 
reactive ketene linkage on the same protein surface, or the reaction 
might be intermolecular if an amino or phenolic group of another 
protein molecule approached the ketene linkage first. Inter- 
molecular reaction of this kind would result in the coupling of 
protein molecules to give products with twice the molecular size 
of the starting material, and further reaction of the dimer might 
lead to a trimer,! the probability of such extended reactions de- 
creasing with the complexity of the molecules, however. 


* This investigation has been supported in part by grants from the 
Rockefeller Foundation. 

' The terms dimer and trimer are freely used here to indicate the products 
formed by the coupling of 2 or 3 protein molecules by malonyl bridges. 
Polymerization refers to this process. 
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An ultracentrifugal examination of carbon suboxide-treated 
horse serum albumin has been made to determine the size distribu- 
tion of the treated protein. Fig. 1, B shows the sedimentation 
diagram obtained in the ultracentrifuge for a normal lot of the 
malonyl! protein, and indicates that the bulk (about 84 per cent) 
of this material has a sedimentation constant 846°, = 4.5 X 10-%, 
The presence of faster sedimenting materials is also indicated, with 
about 12 per cent of the total protein having a sedimentation con- 
stant sy°, = 6. X 10~—%, and about 4 per cent having about 
§ X 10. 

The absence of these faster sedimenting substances in the 
starting material is shown by Fig. 1, A, the sedimentation diagram 
of the native protein used. The observed sedimentation constant 
for this material was s3s°,, = 4.1 X 10-®. 

An ammonium sulfate fractionation of malonyl serum albumin 
was undertaken in order to concentrate the faster sedimenting 
components. It was found that the concentration of these com- 
ponents was increased in the first fraction to precipitate (below 
1.8 m (NH,).S0,), the sedimentation diagram of this fraction being 
illustrated in Fig. 1, C. This fraction, representing 36 per cent 
of the total protein nitrogen, contained approximately 55 per cent 
of materials of sedimentation constant s%°, = 4.5 X 10-, 30 
per cent of 6.5 X 10~-", and 15 per cent of 8., X 10~-"%. In subse- 
quent fractions at higher ammonium sulfate concentrations, the 
amount of faster sedimenting substances was greatly diminished, 

The higher sedimentation constants observed here cannot 
readily be explained by a more symmetrical molecule of 70,000 
to 80,000 molecular weight,” since the sedimentation constant for 
a spherical molecule of this weight (the maximum possible value) 
would be only 5.6 to 6.2 & 10~", unless the partial specific volume 
was considerably different from 0.75. Without additional data 
for the frictional ratio, f/fo, and partial specific volume, », it is not 
possible to calculate their molecular weights. In the absence of 
data for f/f), we may consider various possible interpretations. 
If we assume the frictional ratio f/fo = 1.37 and v = 0.748, as 
obtained for normal serum albumin,’ we find that the sedimenta- 


2 The molecular weight of the malonyl serum albumin monomer would 
be about 10 per cent greater than the untreated serum albumin because of 
the weight of added malonyl groups. (See the experimental section.) 

? Mehl, J. W., and Oncley, J. L., unpublished observations. 
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tion constants 4.5, 6., and 8.; X 10-" correspond to molecular 
weights of 80,000, 150,000, and 210,000, respectively, or ap- 
proximately 1, 2, and 3 times the molecular weight of native horse 
serum albumin. This assumption of similar values for the fric- 
tional ratios of all these molecules would seem to be unjustified, 
however. Another possible interpretation is that both sedimen- 
tation constants, 6.5 and 8.5 X 10~-", represent molecules of about 





























60 

Fic. 1. Ultracentrifuge sedimentation diagrams. The ordinates repre- 
sent refractive index gradient; the abscissas, distance from the center of 
rotation (in em.). The time after reaching full speed (in minutes) = ¢. 
A represents native horse serum albumin, ¢ = 100; B, unfractionated carbon 
suboxide-treated serum albumin, Preparation CSA-7, ¢ = 60; C, fractionated 
carbon suboxide-treated serum albumin, Preparation CSA-6, Fraction A, 
t = 60; D, carbon dioxide-treated serum albumin, Preparation CO,SA-2, 
t= 100. These diagrams are tracings of the schlieren photographs. 


160,000 molecular weight. We then would obtain f/fo values of 
1.41 and 1.15, respectively, for these molecules if we continue to 
assume v = 0.748. The most probable values for the axial ratio, 
a/b, and the hydration, w, of normal serum albumin may be taken 
as a/b = 5 and w = 0.2 gm. of water per gm. of dry protein (2). 
If we assume the hydration to be unchanged, then the f/fy values 
just obtained give us axial ratios of a/b = 6 and 2.4, respectively, 
which are reasonable ratios for possible dimer molecules. 
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The possibility that incipient denaturation, which may have 
occurred during the preparation of malonyl serum albumin, is 
partly responsible for the inhomogeneity of the product has been 
considered. That the malonyl protein is freely soluble in water at 
its isoelectric point indicates that little denaturation has taken 
place. To clarify this point further serum albumin was treated 
with CO, under conditions parallel to those used in the C,;0, 
reaction. The pH, however, was 9.5 instead of 7.5, and the reac- 
tion period was extended from 1 to 2 hours (Table I, Preparation 
COSA-2). Even under these conditions no indication of poly- 
merization was observed (Fig. 1, )). An experiment at pH 8.0 
for 2 hours was likewise negative (Preparation CO.SA-1). 

The existence of polymerized protein molecules would be in 
agreement with the interpretation previously adopted for the 
carbon suboxide reaction (1). The dimer having a molecular 
weight of about 160,000 would be analogous to malonyldiglycine, 
the compound obtained from the reaction of carbon suboxide with 
glycine. The trimer, if present, would result from a further reac- 
tion of the dimer. 


EXPERIMENTAL 


Carbon Suboxide Horse Serum Albumin (Preparation CSA-6)— 
Carbohydrate-free crystalline horse serum albumin was treated 
at pH 7.5 with 0.4 mole of carbon suboxide per gm. atom of nitro- 
gen over a period of | hour (1). The purified product had an 
amino to total nitrogen ratio of 0.008 and contained 0.080 mole 
of malonic acid per gm. atom of nitrogen. 

Preparation CSA-7—This was a similar preparation in which 
the amino to total nitrogen ratio was 0.004 and the content of 
malonic acid per gm. atom of nitrogen 0.099. 

Fractionation of C3O, Horse Serum Albumin-—-The apparatus 
shown in Fig. 2 has been found satisfactory for the diffusion of 
salt across a cellophane membrane into small volumes of protein 
solution. The membrane was held between the openings of the 
flasks A and B by rubber washers and clamps fitted over the 
ring necks. The smaller flask of 30 ml. capacity, into which 
extended a suitable stirring device, was filled with the protein 
solution, and ammonium sulfate was dialyzed in from the larger 


225 ml. flask. 
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With this apparatus, ammonium sulfate solution of pH 5.9 
was dialyzed against malonyl serum albumin Preparation CSA-6 
to give four fractions,‘ as follows: Fraction A, 0 to 1.8 Min (NH,)2- 
SO, containing 36 per cent of the protein nitrogen; Fraction B, 
1.9 to 2.2 m, 35 per cent; Fraction C, 2.2 to 2.5 m, 17 per cent; 
Fraction D, 2.5 to 4.1 M, 6 per cent. These fractions were purified 
by dialysis and prepared for the ultracentrifuge as described below. 

Carbon Dioxide Treatment of Native Serum Albumin—The data 
for the preparations are presented in Table I. The experimental 
procedure was the same as that in the C3Q, reaction. 


























Fic. 2. Apparatus for small seale dialysis experiments (see the text) 


Ultracentrifuge Experiments—The ultracentrifuge, of the air- 
driven type (3), was equipped with an optical system of the Philpot 
schlieren type (4), and was run at a speed of 54,000 r.p.m. with a 
cell 15 mm. high and a solution thickness of 10 mm. A General 
Electric type H-6 mercury are lamp, unfiltered, was the light 
source, and Eastman Contrast Process plates were used for photo- 
graphing the sedimentation diagrams. 1 per cent protein solu- 


‘The first carbon suboxide-treated serum albumin preparation to be 
studied in the ultracentrifuge, and the fractionation of this material, gave 
results which were not in agreement with those recorded here, the sedimen- 
tation constants observed for these solutions always being considerably 
smaller, and the apparent diffusion constants (as measured by the width of 
the sedimenting boundary) being smaller also. The interpretation of these 
earlier results is not clear. All later results have yielded consistent data in 
good agreement with those recorded here. 
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tions in 0.2 m potassium chloride were employed for the ultra- 
centrifuge analyses. Since the addition of potassium chloride 
often caused the solution to become slightly cloudy, approxi- 
mately 0.1 ml. of 0.5 N potassium hydroxide was added to bring 
the pH up to 5.2 from 4.6, the point of minimum solubility of 
malonyl serum albumin. The sedimentation constants, s3%,, of 
these solutions have been corrected to the density and viscosity 
of water at 20° (assuming a partial specific volume, 6, of 0.748), 
but not to zero protein concentration. 


TABLE I[ 


Carbon Dioxide Treatment of Native Serum Albumin 


Preparation No. CSA-7 CO:S8A-1 COSA-2 
Protein, gm... 2.0 2.0 0.5 
Initial volume, mil. 32.0 32.0 20.0 
Length of reaction, hrs. 1.0 2.0 2.0 
pH 7.5 8.0 9.5 
Gas added, ml. 218 440 440 


SUMMARY 


The product from the reaction of carbon suboxide with horse 
serum albumin has been found by ultracentrifugal analysis to 
contain an appreciable proportion of materials sedimenting faster 
than normal serum albumin. 

This faster sedimenting material, consisting of two discrete 
components, can be interpreted as representing a dimer of some- 
what elongated shape and either an almost symmetrical dimer or 
an elongated trimer. This interpretation of the reaction of carbon 
suboxide with proteins is in agreement with mechanisms already 


postulated. 


BIBLIOGRAPHY 


1. Ross, W. F., and Christensen, H. N., J. Biol. Chem., 187, 89 (1941). 

2. Oncley, J. L., Ann. New York Acad. Sc., 41, 121 (1941). 

3. Bauer, J. H., and Pickels, E. G., J. Exp. Med., 66, 565 (1937). Pickels, 
E. G., Rev. Scient. Instruments, 9, 358 (1938). 

. Philpot, J. St. L., Nature, 141, 283 (1938). 


_ 











THE SYNTHESIS OF NICOTINIC ACID BY THE RAT 
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(Received for publication, August 28, 1941) 


Attempts to demonstrate the synthesis of nicotinic acid by rats 
subsisting on a diet containing little of this factor have provided 
suggestive evidence that such synthesis does occur. Shourie and 
Swaminathan (1) performed balance experiments in which the 
nicotinic acid intake and excretion were measured and they re- 
ported an excess of excretion over intake, but their findings are 
open to criticism on account of the method used by them for 
estimating nicotinic acid. Charcoal was used in treating urine 
hydrolysates and extracts of solid matter, and the extracts were 
not fully decolorized before the K6énig reaction was applied; each 
of these points means the introduction of serious error (2, 3). 
Another type of evidence was produced by Dann and Kohn (4), 
who found that rats growing on a diet low in nicotinic acid synthe- 
sized and laid down in their tissues V factor (coenzymes I and IT) 
containing more nicotinic acid than was being ingested. In this 
paper new evidence will be presented which is based on the increase 
of nicotinic acid in the tissues of rats growing quite rapidly on diets 
very low in nicotinic acid. This increase has been demonstrated 
by direct analysis of the tissues for nicotinic acid and the results 
are therefore not open to the objection which may be urged against 
those based on V factor measurements; namely, that V factor in the 
body of the rat might have been increased at the expense of 
nicotinic acid which was initially present. 

Experiments on Synthesis—Jukes (5) has reported raising and 
breeding rats on a diet in which the vitamin B complex was pro- 
vided in the form of synthetic thiamine chloride, riboflavin, 
pyridoxine, pantothenic acid, nicotinic acid, and choline chloride. 
For the experiments described below nicotinic acid was omitted 
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from the diet of Jukes and other minor modifications were made 
so that our basal diet (Diet S-1) was composed as follows: Labeo 
casein 1000 gm., sucrose 2400 gm., cottonseed oil 320 gm., B. D. H. 
salts! 280 gm., choline chloride 2 gm., thiamine chloride 10 mg., 
riboflavin 20 mg., pyridoxine 10 mg., calcium pantothenate 120 
mg., and 2-methyl-1,4-naphthohydroquinone diacetate 5 mg. 
This diet was supplemented daily for each rat with 1 drop of a 
mixture of equal volumes of cod liver oil and wheat germ oil given 
by pipette. The casein was the only component containing 
nicotinic acid; it contained 2.1 y per gm.; therefore the complete 
diet contained 0.525 y of nicotinic acid per gm. 

In a preliminary experiment twenty weanling rats of the Vander- 
bilt strain (7) were put on Diet S-1 when 25 days old, with an 
average weight of 46 gm. Both sexes were represented and there 
were nine pairs of litter mates matched in sex and weight. The 
rats were divided into two groups, of which those in Group | 
received only water and the basal diet, while those in Group 2 
each received in addition 1 mg. of nicotinic acid daily in solution 
froma dropping pipette. During the course of the experiment three 
rats died following lung infections, one from Group 2 and two from 
Group 1. Eight of the matched pairs survived the experimental 
period of 63 days. During this period there was no significant 
difference in the weight increases of the two groups, and all of the 
survivors appeared to be vigorous and healthy. 

Five of the rats which had received Diet S-1 without added 
nicotinic acid were killed for nicotinic acid determinations on liver, 
kidney cortex, and muscle. The levels observed did not differ 
significantly from those reported for adult rats of this strain raised 
on a stock diet (3). The mean nicotinic acid content of the whole 
liver of these rats was 1290 y, compared with 410 y in the whole 
livers of weanlings (average for eight rats). Thus the mean 
increase in nicotinic acid content of the whole liver of these rats 
during 63 days on Diet S-1 was close to 880 y. Measurement of 
the food intake of the rats showed that the average ingestion of 
nicotinic acid in the diet over the whole 63 day period was 550 y. 
Hence the evidence of the liver strongly suggested that these rats 
had been synthesizing nicotinic acid. 


1 Made to the formula of Drummond and Watson (6). 

















W. J. Dann 805 


A further experiment was then made in order to establish beyond 
reasonable doubt that synthesis occurs on this diet and to gain 
some idea of the amount of nicotinic acid synthesized. From four 
litters of rats weaned at 21 days the males were segregated and 
given a stock diet. When 25 to 28 days old, litter mate pairs of 
closely similar weight were chosen and one from each pair assigned 
to each of two groups. All the rats in Group 1 were killed at once 
for estimation of the total nicotinic acid content of the body as 
described below. Those in Group 2 were housed in separate cages 
and given Diet S-1 and water; the food intake was followed daily. 
After 4 weeks they were killed for the estimation of the body nico- 
tinie acid. 

In order to estimate its total nicotinic acid content, the rat was 
killed by a blow on the head and immersed in a 10 per cent BaS 
suspension to remove the hair. The carcass was rinsed in water 
and dried and then passed five or six times through a meat grinder, 
until the minced tissue appeared to be thoroughly mixed. From 
15 to 30 gm. of the tissue were then weighed and transferred to a 
Waring blendor? with the required volume of water to make a final 
volume of 250 ml. The tissue was homogenized and the suspen- 
sion allowed to stand for 5 minutes in order to permit the dispersed 
air to separate from it. 10 ml. aliquots of the suspension were 
taken for digestion with HCl and determination of the nicotinic 
acid as already described (3). From the nicotinic acid content of 
the aliquot the total nicotinic acid content of the rat was calcu- 
lated. The data, together with the nicotinic acid intake of each 
rat fed Diet S-1, are collected in Table I. Assuming that at the 
beginning of the experiment each rat in Group 2 had a total body 
nicotinic acid content equal to that of its litter mate in Group 1, 
then synthesis of nicotinic acid had occurred at least to the amount 
given in the last column of Table I. 

Site of Synthesis—-Although the observations described above 
gave clear evidence that the rats synthesized nicotinic acid when 
fed Diet S-1, they provided no clue to the place where the synthesis 
occurred. The most immediate question here was whether the 
synthesis was carried out by microorganisms in the intestinal canal 
or occurred within the tissues of the rat. In order to obtain 


2 Obtained from the Fisher Scientific Company, Pittsburgh, Pennsyl- 
vania. 
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information on this question an experiment was arranged in which 
sulfaguanidine was added to Diet S-1 as a means of decreasing 


TABLE I 
Demonstration of Synthesis of Nicotinic Acid by the Rat 
Each pair of rats on the same line is a litter mate pair. The rat in Group 
1 was killed at weaning for determination of the total body nicotinic acid 
content. The rat in Group 2 was maintained on Diet 8-1 for 4 weeks and 
then treated similarly. 


Group 1 Group 2 


Nicotinic acid 


Nicotinic acid Nicotinic acid Nicotinic acid 


Rat No. in body at Rat No. ge = tgs ingested in synthesized 

weaning Diet S-1 28 days in body 

mg. mg mg. mg 

l 2.7 l 8.0 0.14 5.2 

2 2.5 2 7.3 0.13 1.7 

3 2.6 3 7.2 0.14 4.5 

4 2.6 4 7.8 0.13 5.1 

5 2.5 5 8.7 0.15 6.0 

6 2.2 6 7.1 0.12 4.8 

7 2.1 7 6.8 0.11 4.6 

S8 1.4 S 6.3 0.10 4.8 
Mean 2.3 7.4 0.13 5.0 


TABLE II 


Effect on Rat Growth of Addition of 1 Per Cent Sulfaguanidine or 1 Per Cent 
Sulfaguanidine + 1 Mg. of Nicotinic Acid Daily to Diet S-1 


Group A Group B Group C 
Diet ; S-1 S-1 + 1% S-1 + 1% 
sulfaguani- sulfaguani- 
dine dine 
Nicotinic acid supplement per day, 
mg None | None I 
Mean weight increase after 42 
days, gm. 164 S4 79 


greatly the numbers of intestinal bacteria and therefore also the 


amount of nicotinic acid which could be produced by them. 
A test experiment showed that the addition of sulfaguanidine 
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to Diet S-1 caused a decrease in the rate of growth of rats on this 
diet. This might have been due to a suppression of intestinal 
synthesis of nicotinic acid, or to some other cause such as a direct 
toxic action of the drug on the rat. To decide between these 
possibilities the following experiment was performed. Young 
male rats 25 days old were divided into three groups, so that each 
group contained one rat from each of ten trios of matched litter 
mates, and the rats were individually housed. Group A received 
Diet S-1; Groups B and C received Diet S-1 with 1 per cent of 
added sulfaguanidine. Each rat in Group C was given in addition 
a daily dose of 1 mg. of nicotinic acid in solution from a pipette. 
The results of the experiment are shown in Table II. The effect 
of the sulfaguanidine was to decrease the rate of growth, but the 
addition of nicotinic acid at the same time did not counteract the 
effect of the sulfaguanidine. 

From this result it was concluded that the effect of sulfa- 
guanidine was not due to a suppression of intestinal synthesis of 
nicotinic acid; and since the drug largely decreased the number of 
intestinal microorganisms, it was also concluded that no important 
part of the synthesis of nicotinic acid by rats on Diet S-1 took 
place in the intestine. 


SUMMARY 


It has been shown by direct measurement of the body nicotinic 
acid of rats growing on a diet low in nicotinic acid that the rats were 
able to synthesize nicotinic acid. During the 2nd month of life, 
while they ingested about 5 y of nicotinic acid daily, the body 
content increased daily by an average amount of the order of 
200 y. No measurements of nicotinic acid in the urine and feces 
were made, but it has been shown by Perlzweig and Huff* that 
excretion of nicotinic acid by the rat continues even when none is 
ingested; therefore the figures for body increase less ingestion 
represent a minimum figure for the amount of synthesis. 

The evidence obtained suggests that the place of synthesis is 
within the body of the rat, and that it is not due to the symbiotic 
activity of microorganisms in the intestine. 

This evidence appears to leave no doubt that nicotinic acid is 
not a vitamin for the rat, as has been suggested in the past (8). 


Huff, J., and Perlzweig, W. A., J. Biol. Chem., in press. 
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THE SYNTHESIS AND BREAKDOWN OF LIVER PHOS- 
PHOLIPID IN VITRO WITH RADIOACTIVE 
PHOSPHORUS AS INDICATOR* 


By M. C. FISHLER, ALVIN TAUROG, I. PERLMAN, anv 
I. L. CHAIKOFF 
(From the Division of Physiology, University of California Medical 
School, Berkeley) 


(Received for publication, September 22, 1941) 


The conversion of phosphate marked by the inclusion of radio- 
active phosphorus to labeled phospholipid has been used to com- 
pare phospholipid activities of various tissues in the intact animal 
(1-4). Although it has been suggested that tissues with higher 
activities possess the power of synthesizing phospholipid, it is 
recognized that in a complex system such as the intact animal it is 
not possible to differentiate with certainty between actual synthesis 
by a tissue and its capacity to remove formed phospholipid from 
the plasma. Moreover, it is difficult to assess the synthetic 
capacities of tissues with low activities, such as muscle and brain, 
for it is possible that they derive appreciable amounts of phos- 
pholipid from tissues that show high activities. 

The present investigation shows that phospholipid synthesis can 
be detected in surviving liver slices. This was made possible by 
the use of radioactive phosphorus as a labeling device; the sensi- 
tivity of the radioactive procedure for measuring phospholipid is 
such as to permit the accurate determination of traces of newly 
formed phospholipid. By this means it is now feasible to investi- 
gate the phospholipid metabolism of each tissue independently. 


EXPERIMENTAL 
Male rats weighing between 180 and 220 gm. were sacrificed by a 
blow on the back of the neck and their livers rapidly removed. 


* Aided by a grant from the Research Board of the University of Cali- 
fornia. 
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Slices were prepared from the liver, and about 300 mg. of these 
were then carefully selected for uniformity and thickness, blotted 
on filter paper, weighed quickly, and transferred to a 50 ec. Erlen- 
meyer flask containing 5 ce. of a bicarbonate-Ringer’s solution. 
The flasks were then placed in a constant temperature bath 
maintained at 37°. 

The bicarbonate-Ringer’s solution was prepared according to 
Krebs and Henseleit’s method (5).'| KH,PO, provided the only 
source of phosphorus in the solution. Enough radioactive phos- 
phorus was used to provide 0.25 to 0.5 microcurie of radioactivity? 
per 5 cc. of solution. Each 5 ec. of solution contained 0.80 mg. of 
KH2PO, or 0.18 mg. of phosphorus. The bicarbonate-Ringer’s 
solution was saturated with a gas mixture consisting of 5 per cent 
CO, and 95 per cent Oz, and the atmosphere above the solution was 
displaced with this gas mixture immediately after the addition of 
the slices to the flask. The pH of the solution was adjusted to 
7.4 to 7.5 just before the addition of the slices. In a series of runs 
it was found that the pH at the end of 4 hours did not fall below 7.2. 

Extraction of Phospholipid from Tissue Slices—Since the newly 
synthesized phospholipid was measured by its radioactivity, it was 
necessary to effect a complete separation between phospholipid and 
other phosphorus compounds. In these experiments the ratio of 
inorganic P® to phospholipid P® is obviously far greater than that 
encountered in studies involving the liver of the intact animal. 
Special precautions were therefore necessary to avoid contamina- 
tion of radiophospholipid with inorganic radiophosphorus. 

The contents of the flask, consisting of 5 cc. of bicarbonate- 
Ringer’s solution and about 300 mg. of liver slices, were transferred 
quantitatively to a vessel containing 150 cc. of 3:1 alcohol-ether 
mixture. A floeculent precipitate appeared at this point, which 
consisted of tissue protein; and since it was highly radioactive, it 
also contained a large portion of the inorganic phosphate and 
probably other salts of the bicarbonate-Ringer’s solution. The en- 
tire mixture was placed in a hot water bath maintained at 55° for 


' In an earlier study (6) use was made of a phosphate-Ringer’s solution. 
Since the incorporation of labeled phosphate into phospholipid was being 
measured, it was found desirable to employ a medium containing very 
small amounts of phosphate. 

21 microcurie = 4 X 10° arbitrary radioactive units, as measured with 


the Geiger counter. 
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2? hours and then filtered. The residue was reextracted with 100 
ec. of the aleohol-ether solution for 1 hour and the mixture filtered. 
The combined extracts were concentrated under reduced pressure 
at 55°. The last stages of the concentration were allowed to pro- 
ceed in an atmosphere of CO, until a volume of about 1 cc. was 
reached. At this point salts settle out; apparently a further sepa- 
ration of inorganic phosphorus occurs during concentration of the 
aleohol-ether extracts. 

Ethyl ether was now added to the small residue in the concen- 
tration flasks, and the whole was thoroughly shaken and its con- 
tents quantitatively transferred to a glass-stoppered Erlenmeyer 
flask with a small side arm. The Erlenmeyer flask was rested on 
its side in a suitably constructed wooden rack to allow the aqueous 
layer to settle to the bottom. The supernatant ether layer was 
then poured off, while the heavier aqueous layer was caught in the 
sidearm. An Erlenmeyer flask with a side arm used in this man- 
ner serves as a convenient separating device and is less cumbersome 
than the separatory funnel. The aqueous phase was extracted 
twice more in this manner by shaking with ethyl ether. The final 
aqueous residue was radioactive and contained most of the remain- 
ing inorganic phosphate. 

It was frequently observed that ether extracts obtained as above 
were not clear. It seemed possible that small droplets of water 
were suspended in the ether and that this water contained appreci- 
able amounts of inorganic phosphate. In order to remove this 
turbidity, the extracts were concentrated in vacuo at room tem- 
perature to a volume of about 10 or 15 ce. During this concen- 
tration a second aqueous phase usually appeared, leaving the ether 
solution above it quite clear. The concentration was carried out in 
an Erlenmeyer flask with a side arm, in order to facilitate the 
separation of the two layers. The aqueous residue was washed 
several times with ethyl ether. The ether extracts were then 
combined. They were quite clear and practically free of con- 
taminating inorganic phosphate. 

One further precaution was adopted to insure that none of the 
radioactivity of the ether layer was due to inorganic phosphate. 
The combined ether extracts were evaporated in vacuo at room 
temperature to a volume of about 15 or 20 cc., and about 100 mg. 
of finely powdered non-radioactive Na,gHPO, added. The mix- 
ture was violently agitated for 5 to 10 minutes. After the solid 
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material had settled, the ether solution was decanted into another 
flask. The NagHPO, residue was shaken two or three times with 
fresh portions of ether; these were decanted as before and added to 
the original ether extract. This new ether solution was now con- 
centrated to a volume of about 15 to 20 ec., a fresh portion of inert 
NaeH PO, added, and the shaking and extracting repeated as above. 
The washing of the ether with inert Na,HPO, was repeated until 
the salt obtained after removal of the ether showed negligible 
radioactivity. A similar treatment with a saturated solution of 
NaeHPO, was finally carried out. The phospholipids in the ether 
solution were isolated and their radioactivity determined in the 
manner previously described (1). 

The separation of radioactive inorganic phosphate from phos- 
pholipid was thus effected by the following steps: (1) diluting the 
reaction mixture with a large volume of an alcohol-ether mixture, 
whereby a considerable portion of the polar material precipitates 
out; (2) concentrating the alcohol-ether extract, a procedure that 
brings about a further precipitation of salts; (3) extracting the 
phospholipid from the residue with ethyl ether in which inorganic 
phosphate is not soluble even in the presence of phospholipid; 
(4) clarifying the ether solution by evaporating it to a small volume 
(at this point a water phase generally appeared, which permitted a 
further separation of inorganic phosphate); (5) removing the last 
traces of inorganic phosphate by several washings with inert 
NagHPO,. This last procedure allows for an exchange of any 
radioactive inorganic phosphate present in the ether solution with 
the relatively huge amounts of added inert inorganic phosphate. 

As a check on the separation of inorganic phosphate from phos- 
pholipid, the synthesis of radiophospholipid was examined at zero 
time as follows: liver slices were added to a bicarbonate-Ringer’s 
solution containing inorganic phosphate. Immediately thereafter 
the entire mixture was poured into an alcohol-ether solution and 
phospholipids isolated in the manner described above. A negli- 
gible quantity of the radioactivity was recovered in the isolated 
phospholipids. 


Results 


Synthesis of Labeled Phospholipid by Liver Slices—The formation 
of radiophospholipid by excised liver slices is shown in Table I. 
Labeled phospholipid was measured at 1, 2, and 4 hours, In 
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Columns 3 and 4 are shown the percentages of the initial radio- 
activity recovered as phospholipid per gm. of wet and dry tissue,’ 


TABLE I 
Synthesis of Labeled Phospholipid in Isolated Liver Slices of Normal Rats 


Inorganic P of bicarbonate- 


Added P® recovered as Ringer's solution converted to 


Rat No. Time inter- phospholipid phospholipid X 10°* 
Per gm. wet Per gm. dried Per gm. wet Per gm. dried 

tissue tissue tissue tissue 

() (2) (3) a | ©) (6) 

hrs. per cent per cent | mg. mg. 

L-l 1 0.68 2.9 1.2 5.2 

L-2 1 0.75 3.2 1.4 5.8 

L-3 0.71 | 3.0 1.3 5.4 

L-109 l 0.88 3.7 1.6 6.7 

L-110 l 1.3 5.5 2.3 9.9 

L-111 l 1.2 5.0 2.2 9.0 

L-112 l 1.2 5.0 2.2 9.0 
L-105 2 3.2 13 5.8 23 
L-106 2 3.5 15 6.3 27 
L.-107 2 2.6 11 4.7 20 
L-108 2 4.5 19 8.1 34 
L-4 2 2.2 9.2 4.0 17 
L-5 2 2.4 10 4.3 IS 
L-6 2 2.8 12 5.0 22 
L-7 2 2.6 11 4.7 20 
L-8 2 2.9 12 5.2 22 
L-9 2 2.9 1] 4.5 20 
L-10 4 5.2 22 9.4 40 
L-11 4 4.9 21 8.8 38 
L-12 4 4.3 18 7.8 32 
L-101 4 5.4 23 9.7 41 
L-102 } 8.9 37 16.0 67 
L-103 $ §.7 24 10.0 43 
L-104 4 5.2 22 9.4 40 


* Each bath had approximately 300 mg. of liver slices in 5 ec. of bicar- 
bonate-Ringer’s solution containing 0.18 mg. of P. 


respectively. In Columns 5 and 6 is calculated the actual number 
of mg. of the added phosphorus in the bicarbonate-Ringer’s solu- 


’ It should be noted here that the amount of liver slices as well as the 
amount of added phosphorus was kept constant in each vessel throughout 
this investigation. If this were not so, direct comparisons could not be 
made. 
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tion that had been converted to phospholipid. This does not 
represent the total amount of phosphorus converted to phos- 
pholipid, since the inorganic phosphate as well as other phosphorus 
precursors of phospholipid in the liver slices has been disregarded. 


TaBLe II 
Comparison of Phospholipid Synthesis by Liver Slices and Homogenized Liver 


Comparisons shown in the horizontal rows were made on the same liver, 


Added P® recovered as phospholipid per 
gm. wet weight 


Rat No. Time in bath 
Liver slices Homogenized liver 
hrs per cent per cent 
.” 4 4.9 0.0 
2° 4 6.0 0.0 
3* 4 5.8 0.1 
4 } 3.6 0.0 
5 4 6.0 0.0 
6 4 3.7 0.0 
7 4 5.7 0.1 
8 4 4.8 0.3 
7) t 4.5 0.1 
10 4 1S 0.1 
15 2 0.0 
16 2 0.0 
17 2 0.0 
18 2 0.0 
ll l 0.0 
12 l 0.0 
13 l 0.0 
14 l 0.0 


* Liver ground by hand in an agate mortar. All others were homogen- 
ized in stainless steel apparatus. 


Synthesis of Labeled Phospholipid by H omogenized Liver—In order 
to determine the effects of cell destruction, homogenized liver was 
prepared after the manner of Potter and Elvehjem (7). A stainless 
steel apparatus similar to that described by Colowick, Welch, and 
Cori (8) was employed. 1 gm. of rat liver was homogenized with 
t cc. of non-radioactive bicarbonate-Ringer’s solution. 1 cc. of 
this suspension was added to 4 cc. of the radioactive bicarbonate- 


Ringer’s solution prepared as above. In several cases, slices and 
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homogenized preparations were made from the same liver, and the 
phospholipid synthesis effected by them was determined simul- 
taneously. Histological examination of homogenized prepara- 
tions showed destruction of about 80 to 90 per cent of the liver cells. 
Table II shows the complete inability of destroyed hepatic cells to 
effect phospholipid synthesis. In order to rule out possible effects 
of metal, several samples of homogenized liver were prepared by 
grinding in an agate mortar, but these too failed to show phos- 
pholipid formation. 

Decomposition of Phospholipid in Isolated Liver Slices—Two 
measures of phospholipid breakdown were examined in liver slices: 
(1) decreases in total phospholipid as determined with micro- 


TasBie III 
Breakdown of Phospholipids in Liver Slices 


———— 


Per cent of value at 0 hr. 


| ea teeta 

lhr. | $8hrs. | 6hrs. 
4 Labeled phospholipid 98 81 66 
8-A | “s “ 97 80 72 
8-b “eT - 97 | 88 | 77 
7 . « 101 8% | «77 
7 Total phospholipid 104 76 68 
9 Labeled phospholipid 101] 83 79 
9 Total phospholipid 100 77 81 


oxidative procedures (9), and (2) decreases of recently synthesized 
phospholipid that had been labeled with radiophosphorus. The 
latter measures the loss of radiophosphorus from the phospholipid 
molecule. 

Rats were sacrificed 6 hours after the intraperitoneal injection of 
radioactive phosphorus. At this time considerable labeled phos- 
pholipid is deposited in the liver. About 350 mg. of slices were 
placed in flasks containing 5 cc. of Ringer’s solution and treated as 
described above. The breakdown of phospholipid, both total and 
that recently synthesized from the injection of radiophosphorus, 
was then determined in each flask at intervals of 0, 1, 3, and 6 
hours. 

Practically no loss of phospholipid was observed at the 1st hour 
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(Table III). This was the case both for total and radiophospho- 
lipid. At the end of 6 hours about 30 per cent of phospholipid had 
decomposed. 


DISCUSSION 


In tracer studies with radioactive phosphorus, the entrance of 
phosphate into phospholipid is measured. Hence the term 
“synthesis” or “formation” as used in the present sense refers 
only to the over-all reaction in which inorganic phosphorus is 
converted to phospholipid regardless of the intermediate steps in- 
volved. According to this view, a new phospholipid molecule is 
formed by the addition of one or more of its five primary com- 
ponents to an appropriate residue. It is inconceivable that all 
five components unite simultaneously to form a new molecule. 
The various components may or may not be assembled in an 
orderly sequence such that the formation of one bond always pre- 
cedes that of another. If the molecule is assembled in such a way 
that the formation of one bond always precedes that of another, 
then the rate at which phosphate is converted to phospholipid is 
also an index of the rate at which the other components enter into 
the molecule. If, however, a separate equilibrium is established 
for the formation and hydrolysis of each bond, it is very unlikely 
that the reaction rates for phosphate, fatty acid, and nitrogen will 
be the same. In the latter case it is to be expected that the rate of 
turnover for phospholipid phosphate differs from that of phos- 
pholipid fatty acid and that of phospholipid nitrogen. Further- 
more, the relation of each of these to the other two may not be the 
same in different tissues. 

Synthesis of phospholipid in liver slices was observed as early as 
| hour and continued for at least 4 hours. But no breakdown was 
observed in liver slices as early as 1 hour. Losses of 20 and 30 per 
cent, both radioactive and total, did occur in liver slices that sur- 
vived for 3 and 6 hours, respectively. The fact that under these 
conditions the amount of labeled phospholipid showed no decrease 
for at least 1 hour points to the conclusion that no rapid enzymatic 
interchange between inorganic phosphate and phospholipid phos- 
phate occurs. 

It cannot be inferred, a priori, that the loss of radioactive P from 
the phospholipid molecule represents the same process as the loss 
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of oxidizable material in the phospholipid fraction, for non-radio- 
active phosphate from the medium might interchange with radio- 
phosphate of the phospholipid without affecting the molecule as a 
whole. In other words, the loss of labeled phosphorus may be in- 
volved in a reversible process, whereas the loss of total phos- 
pholipid may represent the complete disruption of the molecule. 
Both types of breakdown, however, involve the loss of phosphate. 
If only an interchange of phosphate took place, there would be a 
loss of phospholipid P*® but no loss of total phospholipid. The 
finding that both phospholipid P* and total phospholipid disappear 
at rates that are roughly similar suggests that the reaction involv- 
ing the complete disruption of the phospholipid molecule predom- 
inates. 


The samples of radiophosphorus used in this investigation were 
prepared in the Berkeley cyclotron by members of the Radiation 
Laboratory under the direction of Professor E. O. Lawrence, to 
whom our thanks are due. The assistance of Dr. C. Entenman in 
the determination of phospholipids by the oxidative procedure is 
gratefully acknowledged. 


SUMMARY 


|. The synthesis and destruction of phospholipid taking place 
concurrently in liver slices were studied in the present investiga- 
tion. ‘The former was measured by adding radioactive phosphate 
to the medium in which the liver slices were suspended. Break- 
down was determined by adding, to a non-radioactive medium, 
liver slices obtained from rats that had received radiophosphorus 
approximately 6 hours before excision of their livers. Liver slices 
obtained from such animals contained radioactive phospholipid; 
the destruction of phospholipid was then measured by the decrease 
in their content of labeled phospholipid. The decomposition of 
phospholipid was also followed by the loss in total phospholipid. 

2. The synthesis of phospholipid by surviving liver slices is 
demonstrated. Synthesis failed to occur in homogenized liver. 

3. Synthesis was observed in the presence of a net decrease in the 
total phospholipid of the liver slice. 

4. The significance of the conversion of inorganic phosphate to 
phospholipid phosphate is discussed. 
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Comparative electrophoretic data on normal and pathological 
human plasmas have been published by a number of investigators 
(1-5). Normal human plasmas produce similar electrophoretic 
patterns, but the total number of cases published has not lent 
itself to establishing a normal range. If the electrophoretic 
method is to be of value in diagnosis or in measuring the alteration 
of the plasma picture, such as is observed in certain diseases, it is 
essential to ascertain the limits of variation in normal human 
plasma patterns. This paper represents a study of the electro- 
phoretic patterns of twelve additional normal human plasmas and 
statistical treatment of a total of twenty-five directed toward the 
establishment of criteria for evaluating human plasmas. The 
mobilities of the plasma components were considered outside the 
scope of this discussion, although the values obtained on the twelve 
plasmas are included. Also, a heretofore unmentioned small 
component running ahead of the albumin is described. 


EXPERIMENTAL 


The samples of plasma from non-fasting, normal laboratory 
workers of both sexes between 20 and 40 years of age were com- 
pared under equivalent conditions by the electrophoretic pro- 
cedure. They were diluted 1:4 with a buffer consisting of 0.025 m 
lithium diethyl barbiturate, 0.025 m diethylbarbituric acid, and 
0.025 m lithium chloride, at pH approximately 7.8, and dialyzed 
against 1 liter for 1 day and then 2 liters for a 2nd day. The 
electrophoretic patterns obtained by the scanning method of 
Longsworth (6) were projected, magnified, and traced, and the 
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areas under the peaks were measured by means of a planimeter, 
This procedure was repeated twice in order to minimize the errors 
made in tracing and measuring the areas. It was found that the 
area measurements could be repeated to within about 4 per cent. 
The descending patterns of all components except the 8-globulin 
were used. Inasmuch as the anomalous pattern of the descending 
8-boundary rendered measurements inaccurate, the ascending 
pattern was preferred. 

Since with the buffer solutions used it is impossible to separate in 
a reasonable time the y-globulin from the 6- and e-boundaries of the 
buffer, the values given for the y- include those for the e-boundary. 
This buffer boundary is known to be much less on the descending 
side than on the ascending side, because much of the protein re- 
mains immobile on the ascending side and produces an erroneously 
high y-boundary (7). It is found, however, that the agreement 
between ascending and descending a-globulin and fibrinogen areas 
is fair, indicating that only a small amount of the globulins remains 
at the é-boundary. 


Results 


The results are collected in Table I and the standard deviations 
are figured for each set of values. Fig. 1 gives a graphic repre- 
sentation of the deviations for each of the components. 

It is important to point out that the pattern for one plasma 
sample contains both a highest and a lowest component, and that 
no two of the highest components appear in the same pattern and 
likewise no two of the lowest components appear in the same pat- 
tern. This indicates that the variation of concentration intro- 
duced by dilution and dialysis was small, because such variations 
would cause uniformly high or uniformly low areas for all com- 
ponents of an individual pattern. It is not certain, however, that 
the area represented by a component is an accurate measurement 
of its nitrogen concentration, since the area depends on the product 
of the specifie index of refraction of each component and its con- 


centration. 

In Table I! are collected data of Longsworth ef al. (1), Seudder 
(2), and the present series from which averages, standard devia- 
tions, and coefficients of variation are figured. From a statistical 
theory of random sampling it is possible to estimate the probable 
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limits within which various percentages of all normals should be 
found. Table III contains such estimates for three different per- 
centages. From these data it should be understood that an anal- 
ysis of a number of plasmas on any pathological condition should 



































TaBLeE | 
Relative Concentrations and Mobilities of Components of Twelve Normal 
Plasmas 
| £ Mobilities x 10° 
| Areas, arbitrary 7c sec 
units ra r _ volt 
Experiment — E é 0.0 ” 
No. | © -/ Sle] Sif] Sle] le Higi2is 
| | 2| 4) 25/2/62] se] zie) 2/2/22] 2| 2 
= |&/2/8213)3/83) | Sleisiz/FlS138) 213 
| S |B /S8 /SI2(OS15 B2io2zlelolsié ls 
Pe }S{/S So) tela je) o/s] aja) e | t 
247 1387) 954) 433) 2.440. 092)0.181}0.045/0.135/6 .4/5.3)3.3) 2.4) 0.7 
249 1485, 926, 559) 1.920. 1350. 1850 .082)0.203)6.3/4.8/3.5) 1.8) 0.2 
251 1211) 748) 463) 1.87/0. 100)0. 23410. 084/0.201/6.4|5.0/3.4/ 1.8) 0.0 
253 | 1385) 866) 519 1 .96)0. 123)0. 1950. 088/0.188/6.5)4.9/3.3) 2.4) 0.6 
255 | 1344] 810] 534) 1.92/0.142)0.211/0.102\0.204/7.1/5.4/2.9| 1.9] 0.5 
342 1431) 950) 481) 2.2510. 137|0. 20310.061/0..105/6..3/4.7/3.1 1.8) 0.4 
345 | 1403} 908) 495 2.09/0. 146/0. 194/0 .066/0. 139/6.7/4.9)3.3 2.4) 0.9 
349 | 1492) 881) 611) 1 GB. 10610: 267 /0.0F9/0. 3138.34.58. 2.2) 0.5 
513 | 1421) 829) 592) 1.52/0. 143/0.300/0.069/0. 202/6.4/4.7/2.7) 1.5) 0.2 
514 | 1195) 780) 415) 2. 23/0 .083)0. 192/0 .083)0. 173/6 .9)5.3)3..4 2.2) 0.6 
516 | 1341) 825) 516) 1.91/0.115/0.219/0. 103)0. 116)7.2/5.3/3.5) 2.1) 0.4 
519 | 1210) 680) 530) 1.50/0.132\0. 279)0. 110)0. a3 3/5.3/3.6) 2.1) 0.3 
Averaget..| 1359) 847 512) 1.940. 126)0. 22010. 081/0.178)6. 615. 013.3 3) 2.1) 0.4 
s.p.f 103'84.2/57.4| 0.2910.024/0. 038)0. a 0450. 410 .3/0.3) 0.3) 0.3 
C.V., %§.| 7.6 | 10] 11| 15 | 19 | 17 | 23 | 25 | 6] 6] 9] 14 |(75) 
* Calculated on serum bases. 
t+ Average = arithmetic mean = Y2/N = @&. 
t Standard deviation = Wy (z — 2)2/(N — 1). 


§ Coefficient of variation = s.p./average. 


be made before too much significance is placed on a pattern ap- 
pearing abnormal but still falling within the estimated limits for 
normals. 

In all of these normal plasma patterns there was observed a 
small component having a mobility of about 18 X 10~° cm./sec. 
per volt/cm. which is here referred to as the y component. Unless 
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A 
Fie. 1. The range of variation of components of twelve normal plasma 
patterns (shaded area). A = albumin; a = e-globulin; 8 = 8-globulin; 
7 y-globulin; @ = fibrinogen. 
MW 
TABLE II 
¥ Summary of Concentration Ratios from Twenty-Five Normal Plasma Patterns 
Total Albumin | a@-Globulin | 8-Globulin Fibrinogen* y-Globulin 
No Globulin Albumin Albumin Albumin Albumin 
Longsworth 7 1.99 0.125 0.23 0.09 0.21 
Scudder 6 2.25 0.10 0.18 0.083 0.17 
This series 12 1.94 0.126 0.22 0.081 0.19 
Average 25 1.99 0.12 0.21 0.08 0.19 
8.D. 0.30 0.025 0.04 0.02 0.04 
Coefficient of varia- 
tion, % 15 21 19 25 21 


* Data available for only seventeen specimens. 
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a photograph was taken within 25 minutes after the voltage was 
applied, this boundary migrated out of view. Fig. 2, a illustrates 
this component in the plasma diluted 1:4 and Fig. 2, b shows the 
same plasma undiluted. The component appears in the un- 
diluted plasma about 12 times as large as it does in that diluted 


TaBLe III 
Estimated Confidence Limits* for 68, 94.5, and 99.7 Per Cent of All Normal 
Human Plasma 


Albumin ea-Globulin B-Globulin Fibrinogen y-Globulin 
Globulin Albumin Albumin Albumin Albumin 


Per cent 68 94.5 99.7 68 94.5 99.7 68 94.5 99.7 68 94.5 99.7| 68 94.5 99.7 
Upper 
limit 2.392.793.460.150.190.240.260.320.410.110.140.170.250.300.39 


Lower 
limit 1.591.100.520.090.050.000.160.100.010.050.020.000.130.080.00 


* Confidence limits are based upon estimations of standard errors of 
random samples. This theory does not imply that for the 99.7 per cent 
limits one must find three cases out of 1000 at the calculated limits, but 
that if there are more than three cases per 1000 outside these limits they 
are not normal. 

SE? = standard error of average = SD//N — 1 


SEsp = of - “ standard deviation = SD/+/2(N — 1) 
# = arithmetic mean 
#? + kSEF = estimated upper limit of average for indicated percentage of 


all enses 

% — kSEF = estimated lower limit of average for indicated percentage of 
all cases 

SD + kSEsp = estimated maximum of standard deviation 


?+ kSE? + k(SD + kSEgp) = estimated upper limit of indicated per- 
centage of all cases 
%? — kSEF — k(SD + kSEsp) = estimated lower limit of indicated per- 


centage of all cases 
k is given values of 1, 2, and 3 to calculate the limits for 68, 94.5, and 99.7 


per cent, respectively, of all cases 


1:4 and is much larger on the descending than on the ascending 
side. It is found in all human serum and plasma which have been 
investigated in this laboratory, but varies in amount from in- 
dividual to individual. It is not observed in the presence of any 
other buffers (phosphate, borate, phosphate alkali) so far tried, 
except barbiturate; neither could it be observed with a 1:4 diluted 
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plasma when the barbiturate was increased to 0.1 M. An attempt 
was made to analvze this component by subjecting it to chemical 
tests. It gave a negative carbohydrate test but precipitated in 
both alcohol and acetone. Kjeldah!] nitrogen determinations were 
not made because of the nitrogen introduced by the barbiturate 
buffer. Since the » component occurred only when this buffer 
was used, it is evidently a complex of some of the constituents of 
the serum and the buffer. If the barbiturate buffer is dialyzed 


A | t 
A 
GI 
” 
” ” 2 
> — aides 


Fic. 2, a Fic. 2, b 








Fig. 2. Electrophoresis patterns showing fast component for normal 
plasma, after 8.4 volts per em. were applied for 17 minutes. Left, aseend- 
ing; right, descending. Fig. 2, a, diluted 1:4 with barbiturate buffer; 


Fig. 2, b, undiluted. A albumin; Gl globulin; 7 n component. 


away, the component apparently dissociates and is probably free 
and small enough to dialyze away also, because after the separated 
fraction was dialvzed against running water it could not again be 
detected. This along with the fact that its concentration in- 
creases so rapidly with increasing serum concentration is indicative 
of association-dissociation equilibrium. Also, the fact that it oc- 
curs so much more pronouncedly on the descending side, in the 
presence of serum, than on the ascending side, in the absence of 
serum, supports this explanation (8). Plasma was divided into 


water-soluble and water-insoluble fractions and in two experiments 
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the » component appeared only with the water-soluble fraction. 
The water-insoluble fraction, however, was analyzed only at low 
concentrations, because of the difficulty in redissolving it in the 
barbiturate buffer at pH 7.8. 


We express our appreciation to Sheila Goldsmith, Gladys Gans, 
and Mary Wicks for their technical assistance, and our indebted- 
ness to Dr. A. B. Gutman, Dr. Michael Heidelberger, and to Mr. 
Engle Devendorf for their interest and valuable criticisms. 


SUMMARY 


1. Electrophoretic data on twelve additional normal human 
plasmas are presented and a statistical treatment of the variations 
of electrophoretic components in twenty-five normal human 
plasmas is made, 

2. Mention is made of a previously unobserved small compo- 
nent with high mobility usually occurring in plasma and serum in 
the presence of a barbiturate buffer. 
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Adenine has been determined gravimetrically as the picrate 
almost as long as the substance has been known. In 1890 Bruhns 
(1) deseribed many of the properties of adenine and hypoxanthine, 
and worked out a procedure for their separation based ostensibly 
on the much greater solubility of hypoxanthine picrate as com- 
pared with adenine picrate. This method has been used exten- 
sively with good results (2, 3), although Wulff (4) soon found that 
the solubility of hypoxanthine picrate is very much less than 
Bruhns had supposed; the separation actually depends upon the 
fact that solutions of this substance can remain supersaturated 
for long periods. 

According to Bruhns, a saturated solution of adenine picrate 
in water at 15-20° contains 5.2 mg. of adenine nitrogen per 100 cc. 
In the precipitation of this substance by the addition of a satu- 
rated solution of sodium picrate, the loss is inconsiderable because 
of the excess reagent. The loss incurred by washing the precipi- 
tate with water, however, becomes prohibitively large when the 
attempt is made to adapt the gravimetric method to the deter- 
mination of small amounts of adenine. In working with 2 or 3 
mg. of adenine nitrogen it has been the experience of workers in 
this laboratory that only about 90 per cent of the original material 
could be recovered. Tests with various organic liquids (e.g., 
ethyl alcohol, acetone, ethyl acetate, 25 per cent acetic acid) have 
failed to disclose any washing medium that will remove the excess 
sodium picrate without dissolving a considerable amount of the 
precipitate. 

The only substitute for the gravimetric determination of adenine 
as the picrate heretofore proposed is that of Parnas (5), in which 
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the picric acid is removed from the precipitate by extracting its 
hydrochloric acid solution with benzene, and the final analysis 
made by determining the total nitrogen in the residual aqueous 
layer. The accuracy of this method is problematical. Loss in 
manipulation is to a large extent avoided by washing (on the 
centrifuge) with only 1 ce. of water, hardly enough for a complete 
separation. No complete control analyses were presented by 
Parnas, and experiments in which both the picrate precipitate and 
the filtrate were analyzed (after benzene extraction) do not sup- 
port the implied claim that the error amounts to only 2 per cent. 
In one sample of muscle, the picrie acid precipitate was found to 
contain 7.02 mg. of purine nitrogen (aminopurine), the filtrate 
17.6 mg. per cent (oxypurine). The sum is 24.63 mg. per cent, 
while the total purine nitrogen found by the Kriiger-Schmid 
method on another aliquot of the same material was 27.65 mg. 
per cent, a discrepancy of 11 per cent. 

An indirect micromethod for adenine involving a wholly differ- 
ent principle has been proposed by Schmidt (6). The combined 
amount of adenine and guanine is determined gasometrically, the 
guanine by means of guanase (7, 8), and the adenine by difference. 
The entire analysis takes several hours and requires special 
apparatus. The accuracy is estimated to be about 5 per cent with 
samples containing 0.5 mg. of purine nitrogen. 

The procedure described in this paper, which permits the es- 
timation of from 1 to 4 mg. of adenine nitrogen under suitable 
conditions with an error of less than 1 per cent, is volumetric, 
being based upon the direct acidimetric titration of adenine picrate 
(the salt of a strong acid and a weak base) in hot aqueous solution. 
It can be used for the analysis of solutions of adenine, of guanine 
(with somewhat less accuracy), or of mixtures of adenine and 
guanine (the result representing the sum of the two bases or 
adenine alone, depending on the circumstances), and for the sep- 
aration of adenine from hypoxanthine (or xanthine). In the 
presence of more than a small amount of guanine, on the other 
hand, the separation from hypoxanthine cannot be effected by 
picrate precipitation, for two reasons. The precipitation of 
guanine by sodium picrate requires a higher concentration of the 
reagent and a longer time than is the case with adenine, and 
secondly the crystallization of hypoxanthine picrate can be induced 














G. H. Hitchings and C. H. Fiske 829 


by seeding with guanine picrate (4). Both these circumstances 
are likely to result in partial precipitation of the hypoxanthine. 
The same restriction holds, of course, for the gravimetric method, 
or any other known procedure depending on the use of picrate. 

The chief advantage of the titration method lies in the fact that 
the picrate precipitate can be washed with a sodium picrate solu- 
tion instead of with water. The amount of substance lost in 
washing is thereby greatly diminished, while the sodium picrate 
left adhering to the washed precipitate does not interfere with the 
titration. 

Solutions Required 

Sodium picrate solution for precipitation. A saturated solution 
of sodium picrate, the acidity of which is so adjusted (by adding 
picric acid solution) that, while it is distinctly acid to methyl 
red, not more than 0.2 ce. of 0.02 N sodium hydroxide is required 
in the titration of 10 ce. of the reagent to an orange color with 
phenol red. 

Sodium picrate solution for washing. Dilute 50 ec. of the above 
solution to 100 ce. 

0.02 N sodium hydroxide. Prepared free from carbonate and 
silicate, and kept in a paraffined bottle protected against atmos- 
pheric carbon dioxide (9). 

Phenol red. A 0.05 per cent solution, adjusted if necessary so 
that 4 drops of the indicator in 10 ce. of water require no more 
than 0.01 ec. of 0.02 N acid or alkali to produce the full color 
change. 


Method 


The solution to be analyzed, containing | to 4 mg. of adenine 
nitrogen and not more than 5 mg. of adenine + hypoxanthine 
nitrogen, is placed in a large lipped Pyrex test-tube (200 25 
mm.). If the starting material is the purine hydrochloride-hydro- 
chloric acid solution obtained by decomposition of the copper 
precipitate (10), the excess hydrochloric acid is most easily re- 
moved before precipitation by the combined use of heat and a 
current of air. The Logan apparatus (11) is well suited to the 
purpose, but to avoid charring the heat must be turned off after 
the volume of solution has been reduced to about 5 ec. The 
dried residue is dissolved in 5 cc. of water. In some cases it may 
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be necessary, and is permissible, to add 1 or 2 drops of 0.5N hydro- 
chlorie acid and warm to obtain a clear solution, cooling again to 
room temperature before proceeding further. 

Add 1 ee. of the adjusted sodium picrate solution used for pre- 
cipitation, and filter at once with suction through the small fil- 
tration tube described by Fiske (12) onto a mat of ashless filter 
paper pulp. Wash with two | ec. portions of the diluted sodium 
picrate solution. Transfer the filtration tube from the suction 
flask to the mouth of the test-tube in which the precipitation was 
carried out, introduce about 3 cc. of hot water into the filtration 
tube, stir up the precipitate and mat with a sharpened nichrome 
wire, and finally (with the same wire) poke the contents of the 
filtration tube through the small hole in the tip into the test-tube, 
Complete the transfer with the aid of a fine stream of hot water 
from a wash bottle, bringing the total volume of the solution to 
about 8 ce. 

Add 2 drops of phenol red, heat the contents of the test-tube to 
boiling, and titrate at the boiling point with 0.02 ~ sodium hy- 
droxide (added from a micro burette) to the first distinet red hue. 
1 ec. of 0.02 N sodium hydroxide is equivalent to 1.40 mg. of 


adenine nitrogen. 
Results 


Adenine is an amphoteric substance. When 8 mg. of adenine 
are dissolved in 10 ce. of boiling water, 0.02 cc. of 0.02 N sodium 
hydroxide is required to produce the first unmistakable red color, 
and about 0.08 ce. to bring out the full red color of the indicator. 
The titration of adenine picrate (or sulfate) to the first distinct 
red accordingly gives results which are slightly high (Experiments 
1 to4, Table 1). The titration is substantially the same when the 
solution of an adenine salt is precipitated with sodium picrate 
and the washed precipitate titrated, according to the procedure 
given in the description of the method (Experiments 6 to 9). The 
average recovery throughout is 100.5 per cent. Indicators like 
brom-thymol blue and brom-cresol purple, which might otherwise 
be more satisfactory, cannot be used because the end-points are 


not sharply defined in the presence of picrate. 
Table II shows the effectiveness of the separation of adenine and 
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hypoxanthine. In order to simulate the conditions encountered 
in the analysis of the copper precipitate (10) the mixtures of the 
two bases were evaporated to dryness after the addition of hydro- 
chloric acid, and the picrate precipitation was carried out on an 
aqueous solution of the dried residue. The data given include a 
number of experiments showing the effect of varying the amount 


TaBie [ 
Titration of Adenine Sulfate, Adenine Picrate, and Guanine Picrate 





. : No. of | ey 
—_ | — | Substance | Adegine ee: — 
No. tions | present Range | Average 
| | mg. per cent per cent 
1 | 5 | Adenine sulfate (3.015  99.9-100.8 | 100.3 
7 = aa ‘*  picrate | 5.04 , 100.6 
3 : a a | 6.23 100.8 
4 l = 7 10.05 | 100.3 
5 4 Kj pptd.* 0.0501, 100.7-103.5 | 102.2 
6 1 Same as Experiment 5 0.997 100.4-101.4 | 100.7 
7 4 5 ete, - 5 2.00 100.1-100.8 | 100.5 
Ss 5 5 3.015 99.8-100.8 | 100.2 
9 4 " s “ 5 4.00  100.1-100.8 | 100.6 
10 t Guanine picrate pptd.f 0.050 98.0-103.6 | 101.5 
ll 3 Same as Experiment 10 0.997 101.1-103.2 102.2 
12 7 ll 10 2.001 101.5-103.6 102.3 
13 5 = ” 10 3.015 101 .7-103.6 102.7 


* Precipitated from a total volume of 6 cc. containing 1 or 2 ce. of satu- 
rated sodium picrate solution. Filtration was begun within 30 seconds. 

+ Precipitated from a total volume of 6 cc. containing 3 ec. of saturated 
sodium picrate solution. The solutions were allowed to stand 30 minutes 


before filtration. 


of sodium picrate solution added, as well as the time of precipita- 
tion. Under the conditions covered, either 1 or 2 ec. of saturated 
sodium picrate solution can be used with safety, while 3 cc. may 
precipitate some hypoxanthine when it is present in relatively large 
amounts, even if the filtration is begun at once. The risk of con- 
tamination with hypoxanthine when filtration is delayed is notice- 
ably greater with 2 cc. than with 1 ec. of the reagent; hence the 
latter quantity is recommended for routine use. 





=> 





832 Estimation of Adenine 


Guanine 
Cuanine picrate is considerably more soluble than the corre 
sponding salt of adenine (4, 13). This is shown clearly in Fig. }, 
in which the solubilities of adenine and guanine picrates are shown 
as determined in the presence of various concentrations of excess 
picrate. In addition guanine picrate shares with hypoxanthine 


TaB_e II 
Separation of Adenine and Hypoxanthine 


All samples were precipitated from a total volume of 6 ce. 


Purine N present 


i Precipitation time ag Recovery 
Ddeniing —- picrate 
mg. mg. ec. mg per cent 
0.997 2.001 l 30 min. 1.001 100.4 
0.997 2.001 2 Ss = 1.001 100.4 
0.997 2.001 3 30 CO 1.008 101.1 
0.994 4.001 l 0 1.001 100.7 
0.994 4.001 l 38 min. 0.994 100.0 
0.994 4.001 l 19 hrs. 1.029 103.5 
0.994 +.001 2 0 1.001 100.7 
0.994 +. O01 2 15 min. 1.008 101.4 
0.994 +. 001 2 18.5 hrs 1.694 170.4 
0.997 1.001 3 0 0.994 99.7 
0.994 +.001 3 30 min. 1.015 102.1 
0.994 t.001 3 IS hrs 2.198 221.1 
2.001 3.012 3 0 2.002 100.1 
2.001 3.012 3 30 min 2.114 105.7 
2.001 5.011 l 0 2.009 100.4 
2.001 5.011 2 0 2.009 100.4 
2.001 5.011 2 16 min. 2.016 100.8 
2.001 5.011 2 80 ‘ 2.142 107.1 
2.001 5.011 3 0 2.100 105.0 


picrate the tendency to remain supersaturated, although to a 
much less marked degree. For these reasons the quantitative 


precipitation of guanine requires a higher concentration of sodium 
picrate than that recommended for the determination of adenine, 
and likewise more time. The results of experiments 10 to 13, 
Table I, were obtained by using 3 ec. of saturated sodium picrate 
solution to 3 ec. of the purine base solution, the mixture being 
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Fia. 1. The solubilities of adenine and guanine picrates in the presence 
of various concentrations of sodium picrate. The purine picrates were 
precipitated from about 30 cc. of dilute sodium picrate solution. After 
standing 24 hours at 23°, the mixtures were filtered and the amount of purine 
picrate precipitated was determined by titration of the precipitate. 


TaBLe III 
Effect of Guanine 
5 ec. of the purine solution were precipitated with 1 cc. of saturated 
sodium picrate solution, and the filtration was started within approximately 


30 seconds. Filtration and washing were completed within 3 to 5 minutes. 
| 


Purine N present 


Adenine N 





found Error 
Adenine | Guanine Hypoxanthine 

mg. mg. mg. mg. per cent 

20 | o1 | 0 2.00 0 
3.00 0.1 0 3.01* +0.3 
2.00 0.2 0 2.04 +2.0 
2.00 0.5 0 2.17 +8.5 
2.00 0.1 1. 2.02 | 1.0 
3.00 0.1 1.0 3.01* +0.3 
2.00 0.2 2.11 +5.5 


* Precipitated with 2 ec. of saturated sodium picrate solution. 


allowed to stand for 30 minutes before filtration was begun. The 
amount of alkali consumed in the titration is 2 or 3 per cent in 
excess of the calculated figure. 
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As stated earlier, the picrate method is excluded when guanine 
and hypoxanthine are simultaneously present unless the amount 
of guanine is quite small, as it would be in many protein-free tissue 
filtrates. In this case the method is useful only for the deter- 
mination of adenine, under conditions designed as far as possible 
to prevent coprecipitation of the guanine. Any circumstance 
favoring the separation of guanine picrate, such as increasing the 
amount of picrate reagent above 1 cc. or allowing the mixture to 
stand at all before filtration, tends to contamination with hypoxan- 
thine. As demonstrated in Table III, 2 or 3 mg. of adenine nitro- 
gen can be separated from hypoxanthine in the presence of 0.1 
mg. of guanine nitrogen. With twice as much guanine, which by 
itself under the conditions used would introduce little or no error, 
the simultaneous presence of hypoxanthine leads to definitely 
high results. Needless to say, this source of error is greatly mag- 
nified when the amount of guanine is still further increased. 

Preparation of Materials 

The adenine sulfate used, a product of the Eastman Kodak 
(‘ompany, was not subjected to further purification. 

(CsHsN5)e° H2SO4-2H.O. Calculated. N 34.65, H,O 8.91 


Found. ‘“* 34.68, ‘“ 8.84 


Adenine picrate was prepared from the sulfate by precipitation 
with sodium picrate. After being filtered and washed, it was re- 
crystallized twice from 25 per cent acetic acid, and dried at 110°. 

The preparations of adenine and of hypoxanthine have been 
described (14). 

CsHsNs. Calculated, N 51.9; found, N 52.0 
C;sHyN,O. Calculated, N 41.2; found, N 41.3 

Guanine hydrochloride was twice recrystallized from 2 N hvdro- 
chlorie acid (see Hunter (15)) and dried at 105°. 

CsHsN;0-HCl. Calculated, N 37.3; found, N 37.1 


SUMMARY 


Adenine, and, under certain conditions, guanine, can be deter- 
mined by precipitation with sodium picrate solution, and titration 
of the precipitates with standard sodium hydroxide solution. 
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Studies of the metabolism of the sex hormones have been based 
for the most part on the determination of these compounds in the 
blood and urine. The estrogens and androgens are present in 
sufficient amounts so that they can be measured by bioassay but 
so little progesterone is present either in blood or urine that it is 
virtually impossible to detect it. A closely related compound, 
pregnanediol, is found in the urine but this is biologically inactive, 
so that its presence cannot be detected by bioassay. The com- 
pound must, therefore, be determined by some gravimetric, color- 
imetric, or other chemical procedure. 

The first procedure devised and the one most widely used is that 
of Venning (1, 2). In this procedure the compound is isolated 
as the sodium salt of pregnanediol glucuronide and the amount 
present determined by weighing. A second method has also 
been devised by Astwood and Jones (3). In this procedure the 
urine is hydrolyzed by streng acid to deconjugate the sodium 
pregnanediol glucuronidate and thereby liberate the pregnanediol. 
In this case pregnanediol rather than sodium pregnanediol glu- 
curonidate is determined by weighing. Both of these methods 
require the isolation of an essentially pure compound before the 
final gravimetric procedure can be employed. 

* The data in this paper were taken from the thesis submitted by E. 
Viergiver to the Graduate School of The University of Rochester in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy. 
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We have utilized still a third means of determining the preg- 
nanediol. Since the compound is excreted as the glucuronide, it 
occurred to us that perhaps the compound could be hydrolyzed 
and the glucuronic acid so obtained be used as a measure of the 
pregnanediol excreted. Glucuronic acid has reducing properties 
similar to glucose and hence we thought that some one of the 
methods in use for the determination of glucose could be adapted 
for this purpose and, if so, that perhaps the sodium pregnanediol 
glucuronidate could be measured without isolation in the pure 
state. The method which is here described, based on these prin- 
ciples, is satisfactory and no more laborious than the ones devised 
by Venning and by Astwood and Jones and at least in our hands 
seems to be fully as accurate. 

After several preliminary trials of various methods in common 
use for the determination of glucose we found the Shaffer-Hart- 
mann-Somogyi (4) method the most satisfactory. The sodium 
pregnanediol glucuronidate was isolated from the urine essentially 
by the Venning method. The recovery of small amounts by pre- 
cipitation from aqueous solution with acetone was rather low. 
So we sought some other means of precipitation. After some ex- 
perimentation we found that the compound could be quanti- 
tatively precipitated from aqueous solution with lead nitrate. 
This compound could not be weighed as such nor could the lead 
content be used as a measure of the pregnanediol content because 
of the simultaneous precipitation of inorganic salts present, al- 
though with pure sodium pregnanediol glucuronidate the lead 
content was found to be an accurate indication of the amount of 
pregnanediol present. It was necessary, therefore, to recover the 
compound and measure the glucuronic acid. This was accom- 
plished by decomposing the lead salt with sodium carbonate; : 
brownish solution was obtained in which the sodium pregnanediol 
glucuronidate could be readily determined by measurement of the 
reducing power before and after hydrolysis with acid. 


Method 


Preparation of Urine Extracts—A 24 hour specimen is collected 
under 300 ec. of butyl aleohol. The total volume, excluding the 
butyl alcohol, is noted and the urine is then extracted three times 
with volumes of butyl! aleohol equal to one-third the volume of the 
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urine. The 300 ce. present during the collection are considered 
part of the first extraction and only enough butyl alcohol is added 
to make it equal to one-third the volume. After the solution is 
shaken, the layers are allowed to separate for 24 hours between 
extractions. The butyl alcohol extract is concentrated to a con- 
venient volume, usually 500 cc., of which an aliquot sufficient to 
contain from 10 to 40 mg. of glucuronidate is taken for analysis. 
In early pregnancy 300 cc. are usually required but after the 4th 
or 5th month 200 ce. are sufficient. 

This aliquot of butyl alcohol is boiled to dryness in vacuo (water 
pump) and the residue is dissolved in 60 ce. of 0.1 N sodium hy- 
droxide which is then extracted with three 30 ce. portions of butyl 
alcohol. This second butyl alcohol fraction is boiled to dryness, 
the residue is transferred to a 15 ce. centrifuge tube with approxi- 
mately 10 cc. of distilled water, and 0.4 m lead nitrate is added 
until no further precipitation occurs. In routine practice it has 
been customary to add 1 cc. of the nitrate solution, which is more 
than sufficient in almost every case. After centrifuging, an addi- 
tional drop or two is added to make certain that precipitation 
has been complete. The mother liquor is discarded and the pre- 
cipitate is washed with 5 ec. of water containing a few drops of the 
lead nitrate solution. A glass rod is used to stir the precipitate 
and the same rod is used again in the subsequent extraction of the 
precipitate with sodium carbonate. The wash water is discarded 
and the precipitate is extracted with 0.08 N sodium carbonate 
made up in 60 per cent alcohol. The extractions are made first 
with 5 ce. of carbonate, and then twice with 2 ce. portions. The 
tube is warmed in hot tap water for 3 to 5 minutes and the pre- 
cipitate is thoroughly broken up with the glass rod several times 
during the heating. The tube is centrifuged between extractions 
and the mother liquor is decanted into a 10 ec. volumetric flask. 
The final volume is made to 10 ce. with the alcoholic solution of 
sodium carbonate. 

Measurement of Amount of Glucuronic Acid—To determine the 
amount of glucuronidate a 2 cc. sample of the carbonate extract 
is transferred to a 10 ec. Pyrex volumetric flask. 1 ec. of 3.5 N 
hydrochloric acid is added, and the flask is stoppered with a small 
marble and heated 30 minutes in a boiling water bath. After 
cooling, the solution is neutralized with 1 N sodium hydroxide 
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with phenolphthalein as indicator. The volume is made to 10 
ce. with water; the solution is shaken, and is then filtered without 
washing. Duplicate 4 cc. aliquots are placed in Pyrex test-tubes, 
25 X 150 mm. The blank is prepared by neutralizing 1 cc. of 
the acid, adding 2 ec. of the carbonate extract, and making the 
volume to 10 ce. Without filtering, duplicate 4 cc. aliquots are 
put in test-tubes. 

2 ec. of Shaffer-Hartmann-Somogyi (4) reagent are added to 
all four tubes, after which they are stoppered with marbles and 
heated in a boiling water bath for 15 minutes. After the tubes 
have cooled a few minutes, 3 ec. of 1 N sulfurie acid are added, and 
the tubes are thoroughly shaken and titrated with 0.005 N sodium 
thiosulfate. The results are obtained by subtracting the number 
of ee. of 0.005 ~ thiosulfate used by the hydrolyzed tubes from the 
number of cc. used by the blanks; this figure is designated as 


(B — A). The amount of sodium pregnanediol glucuronidate per 
ce. of stock solution taken for analysis, corresponding to various 
values of (B — A), is obtained by inspection of Table I. 


EXPERIMENTAL 


Establishment of Reference Curve (Table 1)--A standard refer- 
ence curve was determined by measuring the amount of 0.005 
N thiosulfate equivalent to varying amounts of pure sodium preg- 
nanediol glucuronidate. Known amounts of the standard prep- 
aration were dissolved in 0.08 N sodium carbonate made up in 60 
per cent alcohol and 2 ce. samples were hydrolyzed with 3.5 N 
hydrochloric acid. The solution was neutralized, made to 10 
ec., and filtered. Duplicate 4 ce. aliquots were taken for the 
addition of the copper reagent as described above. The data 
when plotted graphically fell along a straight line (Fig. 1), the 
formula for which is y = 0.68 + 0.14 as determined by the 
method of least squares. The amount of sodium pregnanediol 
glucuronidate per / cc. of stock solution originally taken for 
analysis is used rather than the amount actually present in the 4 
ec. aliquot after hydrolysis, so that the results can be read directly 
without further calculation. The amount of material actually 
measured in each 4 ec. aliquot is eight-tenths of the amount pres- 
ent in / ec. of the original stock solution. With the formula given 
above, Table I was calculated for use in the same way that glucose 
values are obtained from similar tables. 
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Optimum Conditions of Hydrolysis—A series of experiments was 
carried out to determine the strength of acid and the length of 


MGM. GLUCURONIDATE/CC. 











1.00 2.00 3.00 4.00 5.00 6.00 7.00 
CC. 0.005 N THIOSULPHATE 


Fic. 1. The determination of the amount of 0.005 nN sodium thiosulfate 
equivalent to varying amounts of sodium pregnanediol glucuronidate. 


TABLE I 


Amounts of Sodium Pregnanediol Glucuronidate (Mg. in 1 Cc. of Sodium 
Carbonate Extract) Corresponding to Titration Values (B — A) 


Tenths of 1 ec. of 0.005 N thiosulfate 

















—* <= — 

riosul- P 

wml f+t?[*]*[*l*l?l* |: 

Glucuronidate per cc. stock solution 

ce. mg. mg. mg. mg. mg. mg. mg. mg. mg. mg. 
0 | 0.21 | 0.28 | 0.34 | 0.41 | 0.48 | 0.55 | 0.62 | 0.68 | 0.75 
1 | 0.82} 0.89 | 0.96 | 1.02 | 1.09 | 1.16 | 1.23 | 1.30 | 1.36 | 1.43 
2 1.50 | 1.57 | 1.64 | 1.70 | 1.77 | 1.84 | 1.91 | 1.98 | 2.04 | 2.11 
3 | 2.18 | 2.25 | 2.32 | 2.38 | 2.45 | 2.52 | 2.50 | 2.66 | 2.72 | 2.79 
4 | 2.86 | 2.93 | 3.00 | 3.06 | 3.13 | 3.20 | 3.27 | 3.34 | 3.40 | 3.47 
5 | 3.54 | 3.61 | 3.68 | 3.74 | 3.81 | 3.88 | 3.95 | 4.02 | 4.08 | 4.15 
6 1.22 | 4.29 | 4.36 | 4.42 | 4.49 | 4.56 | 4.63 | 4.70 | 4.76 | 4.83 
7 | 4.90 | 4.97 | 5.04 | 5.10 | 5.17 | 5.24 

















time required to give the best hydrolysis. The method in use at 
this time for measuring the glucuronic acid varied slightly from 
the final one, but the general conclusions can be applied equally 
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well to the latter procedure. Aqueous hydrochloric acid solutions 
were made up in varying strengths of known normality. 2 ee. 
samples of standard glucuronidate solutions containing approxi- 
mately 1 mg. per ce. in alcoholic sodium carbonate were hydro- 
lyzed with 1 ce. of acid for periods of 15, 20, and 30 minutes, and 
the equivalent amounts of thiosulfate were determined. 

It was found that 15 minutes was not long enough for complete 
hydrolysis. 20 minutes gave results only slightly lower than for 
30 minutes but it seemed advisable to use the latter for routine 
work, as the possibility of error is somewhat less. Hydrolysis 
for 1 hour showed no significant improvement over the 30 minute 
period. 2 cc. samples containing from 0.69 to 4.99 mg. per ce. of so- 
dium pregnanediol glucuronidate were hydrolyzed for 30 minutes 
with 1 ce. of hydrochloric acid varying in strength from 0.5 to 
7.0 n and the equivalent amounts of thiosulfate were determined. 
These results are shown in Table II. It is seen that the 
normality of acid giving the best results over the whole range 
of concentration of glucuronidate is either 3.0 or 3.5 N, and 
the latter was chosen for routine determinations. The stronger 
acids, 5 and 7 N, decreased markedly the amount of thiosulfate 
used. This is probably due to the presence of so much salt from 
the neutralization of the acid with sodium hydroxide. 

Neither increasing nor decreasing the concentration of the al- 
cohol content caused any significant change in the amount of 
thiosulfate required. 

Precipitation with Lead Nitrate—Varying amounts of standard 
sodium pregnanediol glucuronidate were dissolved with the aid 
of heat in 10 ee. of distilled water plus 0.4 ce. of 0.1 N sodium hy- 
droxide in a centrifuge tube. The alkali was added because in the 
preparation of extracts from urine the butyl alcohol fraction ob- 
tained from extraction of 0.1 N sodium hydroxide contains a small 
amount of alkali. The amount of sodium hydroxide to be added 
was determined by extracting 60 ce. portions of 0.1 N sodium 
hydroxide three times with 30 cc. portions of butyl alcohol. The 
butyl alcohol was boiled to dryness and the residue was dissolved 
in distilled water. The amount of alkali carried into the butyl 
fraction was determined by titration with standard acid and found 
to be the equivalent of about 0.4 cc. of 0.1 N sodium hydroxide. 
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This amount of alkali was consequently added to make conditions 
similar to those present in the precipitation of sodium pregnanediol 
glucuronidate with lead nitrate from extracts of urine. 

The glucuronidate was precipitated with an excess of lead ni- 
trate, the precipitate was extracted with alcoholic sodium car- 
bonate, and the amount of glucuronidate recovered was measured 
by hydrolysis as described above. The final volume of carbonate 
used for the 5 mg. samples was 5 cc. instead of 10 ce. in order to 
increase the concentration of glucuronidate to approximately 1.0 
mg. per cc. These results are shown in Table III. In one addi- 
tional experiment not recorded in Table III the concentration 


TasB.e II 


Effect of Different Strengths of Acid on Hydrolysis of Sodium Pregnanediol 
Glucuronidate 


Normality of acid during hydrolysis 


ngdrotyzed | 0.16 | 0.33 | 0.00 | 0.883 | 1.00 | 1.16 | 133 | 1.66 | 2.33 
(B — A), cc. 0.005 N thiosulfate 
mg. | 
0.69 0.24 0.18 | 0.27 0.16 
1.01 0.12 0.52 0.57 0.50 0.50 0.49 0.34. 0.17 
i | 1.57 a ve 1.83 1.62 | 1.53 
3.13 2.92 3.48 3.49 3.32 | 2.92 
4.04 3.76 4.61 5.03 5.10 4.96 | 4.24 
6.27 | 5.82 


4.99 6.30 


prior to precipitation was equivalent to only | mg. of glucuronidate 
per 10 cc. of water; yet the recovery was 73 per cent. 

This study shows that the precipitation of the compound with 
lead nitrate under these conditions and the recovery from the 
lead salt by extraction with alcoholic sodium carbonate are vir- 
tually quantitative. 

Recovery from Alkali—To determine the amount of butyl alco- 
hol necessary to extract sodium pregnanediol glucuronidate from 
sodium hydroxide, samples of sodium pregnanediol glucuronidate 
weighing approximately 25 mg. were dissolved in 60 ce. portions 
of 0.1 N sodium hydroxide with the aid of heat and varying 
amounts of butyl alcohol were used to extract the compound. 
Three 30 ce. portions proved adequate for extracting the compound 
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and the butyl] alcohol layer was large enough to be readily separated 
from the alkali. 

To show that 3 X 30 ec. of butyl alcohol are satisfactory, the 
recovery of varying amounts of glucuronidate was determined. 
Known amounts of the glucuronidate were dissolved in 60 ce. 


Tas_e III 
Recovery of Sodium Pregnanediol Glucuronidate by Precipitation with Lead 
Nitrate 
Experiment No. Glucuronidate rer NaCOe mesowers 
mg. ec. mg. per cent 
42 5.7 5 5.6 98.2 
43 5.0 5 5.0 100.0 
Average.. 99.1 
41 10.1 10 9.0 89.1 
9.3 92.1 
45 10.3 10 9.9 96.1 
9.8 95.1 
Average. 93.1 
40) 25.7 10 25.0 97.3 
25.2 98.1 
44 25.0 10 24.6 98.4 
24.7 98.8 
Average. 98.2 
58* 50.4 10 49.7 98.6 
47 .6 92.2 
95.4 


Average 


* Precipitated from 24 ec. of water plus 1 cc. of 0.1 N sodium hydroxide. 


portions of 0.1 N sodium hydroxide with the aid of heat and these 
alkaline fractions were extracted with 3 x 30 ec. of butyl alcohol. 
After the solution was boiled to dryness, the residues from these 
butyl fractions were dissolved in distilled water and precipitated 
with lead nitrate. The precipitates were extracted with alcoholic 
sodium carbonate and the amount of glucuronic acid measured 
after hydrolysis. These results are shown in Table IV; the values 
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are absolute and are not corrected for any loss encountered in the 
precipitation with lead nitrate. When 5 to 10 mg. were added, 
the recovery varied from 76 to 98 per cent and when 25 to 50 
mg. were added the recovery varied from 93 to 101 per cent. It 


TaBLe IV 
Recovery of Sodium Pregnanediol Glucuronidate from 0.1 n Sodium Hydroxide 


Experiment No. Glucuronidate added Recovery 
mq. | mg. on cent 
51 5.0 4.9 98.0 
54 5.3 4.4 83.0 
57 5.0 3.9 78.0 
Average Serer. eee eee abe 86.3 
50 10.5 8.0 76.2 
8.0 76.2 
53 9.9 8.7 87.9 
9.0 90.0 
56 9.9 9.1 91.9 
8.2 82.8 
Average ie dbeneieees 2 Ee pere 84.2 
49 24.9 23.6 94.8 
24.2 97.2 
52 25.8 24.7 95.7 
24.0 93.0 
55 25.5 24.6 96.5 
25.8 101.2 
Average . 96.4 
59 49.6 47.5 95.8 
46.5 93.8 
Average = 94.8 


is apparent from these observations that even small amounts can 
be recovered from 0.1 N sodium hydroxide by this method without 
any great loss and with fair precision. 

Extraction of Urine Samples with Butyl Alcohol—The volumes 
of butyl aleohol used by Venning for extraction of urine specimens 
are so small it is sometimes difficult to separate the two layers. 
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Extracting three times with portions of butyl alcohol equal to 
one-third the urine volume has proved satisfactory. 

To determine whether this is sufficient to extract the conjugated 
compound completely, a fourth extraction was made which was 
analyzed separately. from the first three. The amount of com- 
pound recovered in this fourth extract is negligible, as can be seen 
from the figures in Table V. 

Recovery from Urine—The above studies indicated that each 
individual step in the method was satisfactory. It only remained 
to find out whether the compound, when added directly to un- 
extracted urine, could be recovered. 24 hour specimens were 


TABLE V 
Sodium Pregnanediol Glucuronidate Obtained in the Fourth Extraction with 
Butyl Alcohol 


Sample No Per 3 extractions 4th extraction Per cent of total 
mg. mg. 
Al 113.0 1.6 1.4 
B2 100.3 3.4 3.4 
A3 73.8 0.0 0.0 
B4 48.8 0.0 0.0 
A5 109.0 1.6 1.5 
B6 87.5 1.7 2.0 
A7 86.5 0.8 0.9 
BS 120.5 2.7 2.2 
C9 175.0 2.9 1.7 


collected at home by clinic patients at varying periods of preg- 
nancy. The urine was collected in the presence of only 75 ce. 
of butyl alcohol, because the specimens were to be divided into 
two equal fractions; a larger amount of butyl alcohol would form 
a separate layer, thus interfering with accurate sampling. The 
first extraction was made in the afternoon of the day upon which 
the collection ended, and it is evident from the figures obtained in 
the control fractions that no appreciable hydrolysis had occurred. 

One-half of the specimen was used as a control and to the other 
half was added a known amount of sodium pregnanediol glucu- 
ronidate. The total amount of sodium pregnanediol glucuronidate 
in each fraction was then determined by the method outlined. 
The difference between the number of mg. found in the fraction 
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containing added glucuronidate and the number of mg. in the 
control fraction was considered the amount recovered. 

The amount of standard glucuronidate added varied from 5 to 
100 mg., and an attempt was made to measure the recovery of 
comparable amounts of compound from urines of both early and 
late pregnancy. Aliquots of butyl alcohol extracts were chosen 
to contain at least 10 mg., so that the final sodium carbonate solu- 


TaBLe VI 
Recovery of Sodium Pregnanediol Glucuronidate from Urine 











Sample No. ae In Pugin In : | Added | Recovery 

| ce. mg. mg. | mg. mg. per cent 
1E.¢ | 500 25.0 29.8 | 5.1 4.8 94.1 
> te 1000 68 | 320 | 49 | 5.2 106.1 
4. 1000 42.2 | 46.0 5.4 | 4.3 79.6 
5 E. 1000 46.3 54.2 | 10.0 | 7.9 | 79.0 
6 L. 1100 100.3 | 113.0 | 10.1 | 12.7 | 125.7 
,* 890 131.8 | 140.3 10.5 | 85 | $81.0 
8 E. 1000 29.0 52.9 | 25.0 | 23.9 | 95.6 
9 L. 1140 48.8 73.8 | 25.6 | 25.0 97.6 
10 “ 1087 87.5 109.0 | 25.5 | 21.5 | 84.4 
li “ 1000 103.5 | 127.0 | 25.3 | 23.5 92.9 
12 E. 940 39.5 | 86.5 | 50.6 47.0 | 92.9 
13 “ 700 21.2 61.0 50.1 39.8 | 79.4 
14 L. 1000 42.2 94.5 50.1 52.3. | 104.4 
15 E. 1000 46.3 137.5 | 110.2 | 91.2 | 82.8 
16 L. 800 82.8 | 174.5 | 100.4 | 91.7 | 91.3 


* Urine specimens were divided into two equal fractions. Fraction A 
was used as the control sample and known amounts of glucuronidate were 


added to Fraction B. 
t E. designates specimens from early pregnancy, L. from late pregnancy. 


tion would contain | mg., or more per cc. to increase the accuracy 
of the results. It has been the custom to concentrate the butyl 
extract of the urine to 500 ec. In order to obtain the concentra- 
tions mentioned, 300 ec. of this butyl alcohol concentrate are 
required when urine from early pregnancy is analyzed; only 100 
ec. are required after the 4th or 5th month. If upon analysis 
less than 1 mg. per cc. was determined, the sample was analyzed 
again with a larger butyl alcohol aliquot. The results obtained 
by this procedure are shown in detail in Table VI. If the period 
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of gestation is disregarded, the average recoveries for the various 
amounts of glucuronidate added are as shown in Table VII. All 
figures are absolute and are not corrected for any loss that might 
occur in the extraction and precipitation. Inspection of Tables 
VI and VII shows that there is considerable variation in the per 
cent recovered but in no instance was the amount recovered less 
than 79 per cent of the amount added. 

Measurement of Interfering Substances—Cohen and Marrian 
(5) have shown that estriol is excreted in the urine as the glucu- 
ronide. Androgens are also excreted in a conjugated form as 
shown by Peterson, Hoskins, Coffman, and Koch (6) and are 
known to be extracted from urine with butyl alcohol. If these 
conjugated compounds are extracted along with sodium preg- 


Tasie VII 
Average Recoveries of Glucuronidate from Urine 





cane ~~ pues Range of recovery Average recovery 
mg. per cent per cent 
5 80-106 93 
10 79-126 95 
25 84— 98 93 
50 79-104 92 
100 83- 91 87 











nanediol glucuronidate, it is likely that they would also be pre- 
cipitated by the lead nitrate and extracted by the sodium car- 
bonate. 

To show that the androgens and estriol are not found in any 
appreciable amounts in the sodium pregnanediol glucuronidate 
solution, the sodium carbonate extracts were analyzed for these 
compounds. Two butyl alcohol aliquots were chosen from 
samples of urine at various periods of gestation, and each was 
processed according to the procedure outlined under the method 
for preparation of urine extracts. The amount of sodium preg- 
nanediol glucuronidate was measured in one of the carbonate 
solutions; the other, after removal of any free androgen and estriol 
by extraction with ether, was hydrolyzed and the androgens and 
estrogens separated by the method of Talbot and coworkers (7). 
The androgens were measured colorimetrically by the method of 
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Holtorff and Koch (8) and the estriol by a modification of the 
Kober procedure (9) in use in this laboratory. The recovery of 
standard dehydroisoandrosterone acetate by the above procedure 
was 78.0 per cent and that of standard estriol was 64.1 per cent. 

The amounts of androgen (calculated as dehydroisoandros- 
terone) and of estriol are shown in Table VIII. It is evident that 


Tasie VIII 


Androgen and Estriol Content of Glucuronidate Solutions 





Amounts of hormones Amounts of hormones 
Sample No. pice actually measured —— — ae. 
Androgen | Estriol Androgen | Estriol 
mos. mg. mg. aw. mg. 
1 1} 1.6 | 0.25 2.1 | 0.39 
2 4 05 | 0.19 0.6 | 0.30 
3 5 1.6 0.28 2.1 0.44 
4 6 0.7 0.48 0.9 0.75 
5 S 1.0 0.61 1.3 0.95 
6 9 4.4 0.68 5.6 1.06 
TaBLe IX 
Androgens Calculated As Glucuronidate 
S le N Androgen as Pregnanediol _ Androgen * 
wee aoe glucuronidate glucuronidate Pregnanediol 
mg. mg. “snes c 
1 3.7 39.0 9.5 
2 Boe 25.0 4.4 
3 3.7 39.5 9.4 
4 1.6 94.8 1.7 
5 2.3 87.5 2.6 
6 9.8 100.5 9.8 


* Mg. of androgen glucuronidate calculated as per cent of mg. of preg- 


nanediol glucuronidate. 


the amount of conjugated estriol in the sodium pregnanediol 
glucuronidate fraction is negligible. 

If the androgen were conjugated with glucuronic acid as the 
sodium salt in the same way that pregnanediol is, the probable 
molecular weight would be 504. With this figure, the possible 
amounts of androgen as sodium dehydroisoandrosterone glucuron- 
idate were calculated (Table IX). These results indicate that 
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the calculated amount of pregnanediol glucuronidate may be 
from 2 to 10 per cent too high owing to the presence of conjugated 
androgen in the solution. 
Clinical Data 

The excretion of sodium pregnanediol glucuronidate in the 
urine in normal pregnancy has been determined by the method 
described above. The specimens were collected at home by the 
patient. Butyl alcohol was used as the preservative during the 
collection and specimens were extracted as soon as they were 


TABLE X 


Excretion of Sodium Pregnanediol Glucuronidate in Urine of Pregnancy 


Sodium pregnanedio! glucuronidate Calculated as 


Duration of No. of — . i pregnanediol, 
pregnancy determinations Range per Average per “> 
24 hrs. 24 hrs. 
mos. mg. mg. mg. 
3 l 44 26 
4 5 50- 76 56 33 
5 7 55- 80 68 41 
6 5 76— 95 87 52 
7 2 102-125 114 68 
8 6 109-182 145 87 
9 14 98-290 181 108 


received, which was usually in the afternoon of the day on which 
the 24 hour period ended. 

Urines from both early and late pregnancy have been analyzed 
and the results are shown in Table X. These values are the 
ones actually obtained and are not corrected for any losses. In 
order to compare these values with those of Venning, the mg. of 
sodium pregnanediol glucuronidate have been converted to mg. 
of pregnanediol, the factor 0.597, as determined by Venning (1), 
being used. It is evident that the order of magnitude of the re- 
sults obtained with the lead precipitation method are within the 
range reported by those using the Venning method. 


DISCUSSION 


The method herein described for the determination of sodium 
pregnanediol glucuronidate departs radically from the method 
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devised by Venning in so far as it utilizes the glucuronic acid pres- 
ent in the compound for the determination of the compound itself. 
The extraction from urine with butyl alcohol and partial puri- 
fication by extraction from 0.1 N sodium hydroxide with butyl 
alcohol are essentially the same. From this point the procedure 
is different. The compound is recovered in the form of the lead 
salt from an aqueous solution by precipitation with lead nitrate, 
rather than as the sodium salt by precipitation with acetone. 
Precipitation with lead is virtually quantitative, even when the 
concentration is only 0.05 per cent. The sodium salt is recovered 
by digesting the lead salt with warm alcoholic sodium carbonate. 
The carbonate solution containing the sodium salt of pregnanediol 
glucuronide is then hydrolyzed under controlled conditions, 
thereby liberating the glucuronic acid which is determined by 
measuring its reducing capacity with Shaffer-Hartmann-Somogyi 
reagent. This procedure makes it possible to determine the com- 
pound without actually isolating it in relatively pure form as is 
necessary by the Venning procedure. The time required for 
carrying out the determination is about the same and the accuracy 
is probably also about the same. 

The method has not been extensively used thus far for the de- 
termination of pregnanediol in normal or abnormal menstrual 
cycles. Enough observations, however, have been made to make 
it apparent that it may be of value. The main difficulty lies in 
the fact that the urine from non-pregnant women, even in the 
first half of the eycle when no sodium pregnanediol glucuronidate 
is supposed to be present, contains a compound precipitable by 
lead which acts as a reducing agent only after hydrolysis with 
acid. A part of this is probably due to an androgen conjugated 
with glucuronic acid. The amount so measured, if calculated 
as sodium pregnanediol glucuronidate, varies from 10 to 20 mg. 
per day. 

The excretion of the compound in normal pregnancy, when 
measured by this procedure, was found to be about the same as 
reported by Venning. The average values obtained are almost 
identical, although the results here reported are not corrected 
for any losses entailed in the process, whereas the curve of excre- 
tion given by Venning is corrected for such losses. 

The estriol, a considerable amount of which is present as the 
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glucuronide in the last third of pregnancy, is not determined by 
this method. The distribution between 0.1 N sodium hydroxide 
and butyl alcohol is such that the majority of the estriol glucu- 
ronide appears to remain in the alkali. If this were not so, it 
would doubtless be precipitated by the lead and would then be 
measured along with the pregnanediol because of its glucuronic 
acid content. A small but relatively constant amount of con- 
jugated androgen is measured, however, as pregnanediol. This 
can be determined colorimetrically and deducted but the amount 
is so small, less than 10 per cent of the total, that it would probably 
have no significance in so far as interpretation of clinical results 


would be concerned. 


SUMMARY 


A new method for the determination of sodium pregnanediol 
glucuronidate in the urine of pregnant women is given. The 
method differs from other procedures in that the compound is 
precipitated as the lead salt from aqueous solutions and then fi- 
nally determined by measuring the amount of glucuronic acid 
liberated by acid hydrolysis. The glucuronic acid is measured 
with the Shaffer-Hartmann-Somogyi alkaline copper reagent. 
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Based on the discovery of Esselen and Fuller (3) that certain 
strains of Bacterium coli are able to reduce dehydroascorbiec acid, 
asimple rapid method has been worked out for the determination of 
vitamin C in food products. After 15 minutes incubation with a 
suspension of resting cells the total vitamin C in the form of 
ascorbic acid is titrated directly with 2,6-dichlorophenol indo- 
phenol dye. 

The procedure, as applied to milk, is as follows: 10 ec. of milk 
are measured into a test-tube containing 0.5 to 1.0 ec. of Bacterium 
coli suspension. After mixing, the contents of the tube are 
brought to 40° and held 15 minutes. The tube is then emptied 
into a beaker and rinsed with 20 ce. of 0.1 N HgSO,. The acidified 
solution is titrated immediately with dye to an end-point remain- 
ing definitely pink for 30 seconds (7). Various acids may be used 
for acidification and the solution may be filtered before titration, 
although this additional step is usually unnecessary. For the 
determination of total vitamin C in food products other than milk, 
the extract or juice should be brought to pH 6.2 before reduction. 
The bacteria are more active if 1.0 ec. of cell suspension is mixed 
with 1.0 ce. of 10 per cent glucose 15 minutes before addition of 
the extract to be analyzed. Pretreatment of the bacterial suspen- 
sion with glucose is not necessary when milk is the material for 
analysis. 

The Bacterium coli suspension is prepared as follows: An 18 
to 24 hour culture of Bacterium coli is added to 5 liters of broth 
containing 1.0 per cent peptone, 0.1 per cent glucose, and 0.3 
per cent secondary potassium phosphate and allowed to grow 
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14 to 24 hours at 37°. The culture is centrifuged in a continuous 
centrifuge, the cells washed once with 0.03 mM neutral phosphate, 
then suspended in 50 ec. of the neutral phosphate, and stored in a 
refrigerator. There is no appreciable deterioration in activity 
of the cell suspension in 1 month if it is kept cold. 

Approximately one-half the strains of Bacterium coli isolated 
from human feces are active in reducing dehydroascorbic acid 
but the individual strains show considerable differences in ac- 
tivity. A strain designated as “Crookes,” originally presented 
to the authors through the kindness of Dr. Esselen, has proved 
consistently active. Besides Bacterium coli certain strains of the 
closely related Bacterium cloacae were also found to reduce de- 
hydroascorbic acid. Negative results were obtained with fifteen 
strains of streptococci and with bakers’ yeast. 

Bacterium coli is to a certain extent a specific biological reagent 
for the determination of oxidized vitamin C in that no oxidation 
product of ascorbic acid is reduced except dehydroascorbie acid. 
Oxidation of ascorbic acid with hydrogen peroxide, or treatment of 
dehydroascorbic acid with alkali or heat yields products which no 
longer can be reduced with these bacteria. However, the re- 
ducing action of Bacterium coli is not entirely specific for oxidized 
vitamin C, because the oxidation product of d-isoascorbic acid 
can also be reduced. See Table I. 

The necessary conditions for the quantitative reduction of 
dehydroascorbic acid have been elaborated. The sensitivity of 
the acid to heat and alkali offers the chief difficulty. If condi- 
tions of pH and temperature for the most rapid bacterial action 
are selected, the dehydroascorbic acid disappears so quickly that 
complete reduction is not obtained. 

The more alkaline the pH and the higher the temperature the 
more rapidly the reduction must be carried out to avoid loss. 
In milk at pH 6.6 and 40° quantitative reduction can be brought 
about in 10 to 15 minutes. In fruit juices adjustment to pH 
6.2 makes possible complete reduction with minimal quantities of 
bacterial suspension. Sufficient cells must be used to insure rapid 
reduction. If the reduction is not 100 per cent complete within 
15 minutes, it never will be complete. The amount of cell suspen- 
sion needed in a determination should be tested each time the 
cells are grown and every few days during storage. 
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The activity of Bacterium coli suspensions is tested with a 
standard dehydroascorbic acid solution prepared just before use 
by adding sufficient 0.01 N iodine exactly to oxidize a few mg. of 
solid ascorbic acid (4). Since ascorbic acid and iodine react 
quantitatively, this solution can be used as a standard solution of 
0.01 nN dehydroascorbic acid. 1 ce. portions, containing 0.88 
mg. of dehydroascorbie acid, are added to 10 cc. of buffer con- 
taining glucose and bacterial suspension. The reaction between 
ascorbic acid and iodine is a simple reversible oxidation. We 
have found in six determinations that 1.0 mole of ascorbic acid 
reacts with 0.997 mole of iodine, +0.007 mole maximum deviation. 


TaBLe | 
Reduction of Dehydroisoascorbic Acid and Dehydroascorbic Acid by 
Bacterium coli 
Temperature, 40°; the solutions contain 20 cc. of phosphate buffer, 0.05 
m, pH 6.4, 4 ce. of 10 per cent glucose, 2 ec. of suspension of Bacterium coli, 
4.3 mg. of dehydroascorbic acid in one solution, and 4.3 mg. of dehydroiso- 
ascorbic acid in the other. 


Time Ascorbic acid Isoascorbic acid 


min. mg. mg. 
Start 0 0 
5 0.42 0.14 
10 0.84 0.24 
20 | 1.89 0.70 
30 2.45 0.91 
70 2.98 1.50 


The purity of the ascorbic acid was tested by alkaline titration. 
The average of five analyses was 100.01 + 0.69 per cent maximum 
deviation. 

A large number of experiments have demonstrated that reduction 
of dehydroascorbic acid by Bacterium coli is 100 per cent complete 
in the pH range 6.2 to 6.6 at 40°. For example, with two differ- 
ent strains of Bacterium coli in a series of twenty determinations, 
an average of 99.5 per cent reversal (+1.9 per cent maximum 
deviation) was obtained. Complete reduction of dehydroascorbic 
acid by Bacterium coli was also obtained when the ascorbic acid 
had been oxidized by oxygen with the aid of ascorbic acid oxidase 
from cucumber juice. The oxidation of 0.01 N ascorbic acid with 
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1.0 per cent of cucumber juice concentrate was carried out at 
10° in 0.05 m phthalate buffer of pH 5.0. As soon as the oxidation 
was complete, 1.0 cc. of the dehydroascorbic acid solution was 
added to 10 ec. of phosphate buffer of pH 6.2 containing bacterial 
suspension and glucose. Reduction was allowed to take place 
at 40°. In sixteen determinations the average per cent reduction 
was 98.6 + 3.7 maximum deviation. This figure is slightly lower 
than 100 per cent because of unavoidable loss of dehydroascorbic 
acid during the time required for oxidation. 


TABLe II 
Comparison of Reducing Action of Bacterium coli and HS after Oxidation 
of Ascorbic Acid by Non-Specific Reagents 
All solutions contained 0.88 mg. of ascorbic acid per ce. and solutions 
with H,O, contained 0.3 mg. of H,O, per ce. 


Ascorbic acid 


Ascorbic acid | after reduction | Aer reduction | alter reduction 
Oxidizing agent after partial by Bacterium by HeS 20 min.| by H:S 24 brs 
oxidation or rw at oa pH 40 at pH 4.0 
mg. per cc mg. per cc mg. per cc mg. per cc 
H,O., unbuffered 0.046 0.14 0.13 0.21 
On, ai 0.61 0.69 0.69 0.73 
H.O., pH 5.0 0.008 0.054 0.054 0.096 
On, ” 88 0.60 0.69 0.70 0.73 
HO., “ 7.0 0 0 0.004 0.009 
Or, « 92 0.41 0.43 0.42 0.44 
H.,O,, “ 10.0 0.079 0.082 0.086 0.086 
Or, 10.0 0.19 0.19 0.19 0.24 


The method generally used at present for the chemical determi- 
nation of total vitamin C is by means of reduction with hydrogen 
sulfide (1,2,5,8). Mack and Tressler (6) have observed a non- 
specific action of hydrogen sulfide on biological materials by 
which reducing agents capable of reacting with the dye are pro- 
duced. We have compared the reduction by Bacterium coli with 
the reduction by H.S. If the reduction by H.S is carried out at pH 
4.0 in pure buffered solutions (free of biological materials), the two 
methods give the same results (see Table II). This agreement 
between the two methods holds even when non-specific oxidizing 
agents such as copper or hydrogen peroxide cause the destruction 
of the ascorbic acid. We have no evidence to support the sug- 
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Taste III 
Ascorbic Acid and Dehydroascorbic Acid in Commercial Milt 


The values are given in mg. per liter. 


Days after milking 














1 | 2 4 6 
Ascor- | Deh | ascor- | Dabs | Ascor~ | Dah | Ancor. | Day 
acid om id re acid -'¢ id javees Sie 
Raw | 14.9 6.3 | 11.4 | ‘3.1 a. 7.9 1.7 4.7 
Pasteurized 1149| 361104) 48/38/79] 24| 26 
“ 0.1 mg. | | | 
Cu per liter | 7.9] 8.6] 2.1) 89] 0 5.1 | 0 1.0 
Pasteurized, 0.5 mg. 
Cu per liter 0 |126| 0 | 7.0) 0 3.4 | 0 1.0 
Pasteurized, 1.0 mg. 
Cu per liter 0 9.6 0 4.9 | 0 3.1 | 0 0.7 


TaBLeE IV 
Reduced and Total Vitamin C in Commercial Canned Juices 


The values are given in mg. per cc. of undiluted juice. 


| Immediately on 


After aeration and 5 days storage in 





| opening can glass at 1° 
| | —— — 
| | O2N | | Total 
pH, un-| NaOH | } | Vitamin R 
Juice diluted |to bring et | } bated iC — | omeye 
, uice | 1 ce. to . Tot | 1, “wae | additio : 
Te pH 62 = vitamin — vitamin (of 0.388 lachydro- 
P| iti Sa 
| | acid 
cc. | | | | per cent 
Orange 3.8 | 0.48 | 0.393 | 0.394 | 0.364 | 0.395 | 0.716 95.8 
Grapefruit 3.8 | 0.92 | 0.344 | 0.342 | 0.307 | 0.321 | 0.652 98.9 
Lemon 2.5 | 4.35 | 0.330 | 0.330 | 0.170 | 0.302 | 0.635 | 99.4 
Pineapple 3.6 | 0.53 | 0.084 | 0.092 | 0.075 | 0.084 | 0.419 | 100 
Apple 3.5 | 0.46 | 0.004 | 0.006 | 0 | 0.016 | 0.349 | 99.4 
Sauerkraut. 3.9 | 0.36 | 0.153 | 0.007 | 0.037 | 0 0 0 
Composite 
vegetable 4.4 | 0.22 0.013 | 0 0.031 | 9.3 


gestion of Tillmans (8) and Woessner, Elvehjem, and Schuette 
(9) that non-specific oxidizing agents besides causing the ir- 
reversible destruction of ascorbic acid will also cause the formation 
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of substances other than dehydroascorbic acid which, when re- 
duced with H.S, are capable of instantaneous reaction with in- 
dophenol at pH 4.0. 

Tables III and IV show application of the method of bacterial 
reduction to milk and canned fruit juices. In the case of com- 
mercial milk samples titration of the reduced ascorbic acid alone 
is not even an approximate measure of total vitamin C. The 
method of bacterial reduction is not applicable to all biological 
materials. For example, in sauerkraut and a composite vegetable 
juice the Bacterium coli failed to cause any reduction of the added 
dehydroascorbic acid but acted instead as an oxidation catalyst 
to decrease the ascorbic acid present. This reversal of the action 
of the bacteria in some biological fluids has not been explained. 
The bacterial reduction method for total vitamin C can be ap- 
plied satisfactorily to urine. In a typical analysis 1 cc. of urine 
was found to contain 0.027 mg. of ascorbic acid and 0.053 mg. of 
total vitamin C. Added dehydroascorbic acid was recovered to 
the extent of 99.4 per cent. 

SUMMARY 


The quantitative determination of total vitamin C in biological 
materials can be accomplished by reduction of dehydroascorbic 
acid to ascorbic acid with a resting suspension of Bacterium coli, 
followed by direct titration of the ascorbic acid with 2 ,6-dichloro- 
phenol indophenol in acid solution. The reduction can be carried 
out in 15 minutes at pH 6.2 to 6.6 and 40° with a suspension of the 
bacteria in the presence of glucose. 

The method has been applied to milk, fruit juices, and urine. 
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In recent years many papers on methods for the estimation of 
thiamine (vitamin B,) in the urine have been published. The 
most important of these contributions have been those of Jansen 
(1), Melnick and Field (2), Hennessey and Cerecedo (3), and 
Schultz et al. (4). Each of these methods contributes definite 
advantages from the chemical point of view, although the last 
three do not lend themselves readily to clinical use. The present 
paper presents a method based on the oxidative conversion of 
thiamine to thiochrome with a critical study of the various steps 
in the procedure both in respect to the present modification and 
to those of the foregoing authors. Elsewhere a report on the use 
of the method in clinical investigation will be given.! Over 680 
estimations of thiamine in urine have been performed with this 
technique and our experience leads us to believe that it is satis- 
factory for investigative purposes. 


Procedure 


Reagents— 

Glacial acetic acid (c.p. Baker’s Analyzed). 

Acetic acid 0.2 N solution and a 1 per cent solution. 

Isobutyl aleohol (Merck) (must be free from fluorescence in 
ultraviolet light and frequently tested for this property). 

Potassium chloride (Baker’s Analyzed), a 25 per cent solution. 

Potassium ferricyanide (c.p. Baker’s Analyzed), a 0.5 per cent 
solution prepared fresh daily. 

* Fellow (Chile) of the Rockefeller Foundation, 1941-42. 


1 Kgafia, E., unpublished data. 
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Sodium hydroxide (c.p. Baker’s Analyzed), a 20 per cent solu- 
tion. 

“Decalso.’” 

Thiamine hydrochloride (Merck, crystals) .* 

Method—The urine is collected with glacial acetic acid as a 
preservative. 10 ml. of acetic acid are sufficient for each 24 hour 
amount. The resultant pH under these circumstances is approxi- 
mately 5. Urines so preserved show no loss of thiamine in 48 
days. 12 ml. of the acidified urine are pipetted into a special 
centrifuge tube‘ fitted with a ground glass stopper, and shaken 
with 10 ml. of isobutyl alcohol, to remove fluorescent interfering 
substances. When thiamine is being fed, or when unusually 
large amounts of the vitamin are excreted into the urine, 0.1 to 
5 ml. samples are used and the initial washing with isobutyl 
aleohol omitted. This omission under such circumstances will 
not introduce appreciable errors, since the amount of thiamine 
present is high in relation to the fluorescent interfering substances. 
The tube and contents are centrifuged for 5 minutes to separate 
the two layers. The isobuty! alcohol has the property of absorbing 
a portion of the aqueous layer. The aqueous layer is therefore 
measured and a 9 ml. aliquot removed to a test-tube and 10 ml. 
of distilled water added. The pH of the resulting mixture is 
brought to 4.2 to 4.5 with 0.2 N acetic acid, brom-cresol green 
being used as an external indicator. Failure to adjust to this pH 
will result in incomplete adsorption. 

The thiamine is then adsorbed from the diluted and acidified 
urine by Decalso. (The amount of Decalso is important; less 
than 140 mg. will result in incomplete adsorption, and more than 
300 mg. requires the use of too much oxidant later in the pro- 
cedure.) Approximately 200 mg. of Decalso are shaken into 10 


? Obtained from The Permutit Company, New York, and ground through 
a standard 100 mesh sieve. It is then given two washings with 1 per cent 
acetic acid followed by two washings in 95 per cent ethyl aleohol and finally 
washed free from fluorescent substances with acetone. This material was 
first used by Hennessey and Cerecedo (5) but was not freed from fluorescent 
impurities 

* According to Merck and Company, the crystals of thiamine hydrochlo- 
ride contain 4 per cent hygroscopic water. 

4 Obtainable from the Tamworth Associates, Needham Heights, Massa- 


chusetts 
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ml. of | per cent acetic acid® and transferred to a Gooch crucible 
fitted with a 2 em. filter paper. This amount of Decalso is suffi- 
cient for 0.1 to 30 ml. urine samples. A good source of vacuum 
must be provided. The suspension of Decalso is poured into the 
Gooch crucible and while 0.5 to 1 ml. of liquid still remains above 
the Decalso layer, the urine sample is added to the contents of the 
crucible. Adsorption is complete in about 1 minute. While 0.5 
to 1 ml. of uriniferous liquid remains above the Decalso, the ad- 
sorbate is washed by suction with 10 ml. of | per cent acetic acid. 
The Decalso together with the filter paper is then transferred to 
the special ground glass-stoppered centrifuge tubes. Traces of 
Decalso left on the walls of the crucible are washed into the cen- 
trifuge tube with 2 ml. of 25 per cent potassium chloride solution. 
The potassium chloride-Decalso mixture is shaken gently to com- 
plete elution. Depending on the amount of vitamin B, one expects 
to find, from 0.2 to 0.5 ml. of potassium ferricyanide solution is 
added, and finally 1 ml. of 20 per cent sodium hydroxide. The 
order of addition of reagents is important to prevent overoxidation. 
The resultant pH is approximately 10.6, which is the optimal con- 
dition for thiochrome production. The mixture is shaken for 
half a minute. If the change of color from yellow to white is 
extremely fast, indicating that an excess of thiamine is present, it 
is then necessary to add more potassium ferricyanide drop by 
drop until a slight yellow coloration remains, thus indicating that 
a sufficient amount of the oxidizing agent is present. 4.9 ml. of 
isobutyl alcohol are then added. (Due to the removal of water 
from the aqueous layer, the resultant volume of the isobutyl 
alcohol layer will be 5 ml.) The centrifuge tube is then shaken 
vigorously for 1 minute and the layers separated by centrifuging. 
2 ml. of the isobutyl alcohol layer are pipetted into a Pyrex 
test-tube (10 X 0.8cem.). The fluorescence exhibited by the con- 
tents of the tube in an ultraviolet source’ is compared visually 
with identical but sealed tubes containing known amounts of 
synthetic thiochrome in 2 ml. of isobutyl! alcohol as standards. 


5 Since Decalso can adsorb hydrogen ions, acetic acid suspensions must 
be used to prevent increase in alkalinity of the urine with consequent 
failure of complete adsorption. 

* Mercury vapor ultraviolet lamp obtainable from the Central Scientific 
Company, Cambridge, Massachusetts. 
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For reasons given below, when urines from individuals suspected 
of having vitamin B, deficiency or urines containing bile or blood are 
analyzed, a known amount of thiamine hydrochloride should be 
added to a duplicate sample of urine and carried through the procedure. 

Preparation of Thiochrome Standards—Theoretically 1 y of 
thiamine should yield 0.777 y of thiochrome, if all the thiamine 
were oxidized to thiochrome. It has been our experience that this 
conversion is not complete. An attempt was made, therefore, to 
determine whether the percentage of thiamine converted to thio- 
chrome from aqueous solutions was constant for all amounts of 
thiamine within the range usually studied by the present analytical 


TABLE I 


Conversion of Thiamine Hydrochloride to Thiochrome in Aqueous Solution 


Thiamine hydre- | ‘Thieming presen’ ®* | Thicchrome found | Thiamine converted 
Y | Y ¥ per cent 
0.4 0.31 0.19 61 
0.5 0.38 0.24 63 
0.6 0.46 0.29 63 
0.8 0.62 0.39 63 
1.0 0.77 0.49 4 
1.2 0.92 0.59 64 
1.5 1.11 0.74 66 
1.8 1.39 0.89 6+ 
2.0 1.54 0.99 64 


* 1 y of thiamine hydrochloride equals 0.77 y of thiochrome. 


procedure. A consideration of the data presented in Table I 
indicates quite clearly that this is the case. The data show that 
only about 65 per cent of the thiamine is converted to thiochrome 
when oxidized by potassium ferricyanide. This vield is consid- 
erably higher than that obtained by other workers (6-10). 

The thiochrome standards were prepared in the following man- 
ner: Approximately 1 mg. of thiochrome was weighed out on a 
micro balance and dissolved in an amount of isobutyl alcohol to 
give a solution having a final concentration of 10 y per ml. (Solu- 
tion 1). By dilution from this solution a second solution was 
prepared in which the concentration of thiochrome is | y per ml. 
(Solution 2). From this solution by dilution a third solution 
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containing 0.1 y per ml. was prepared (Solution 3). By the use 
of appropriate amounts of these three solutions of thiochrome and 
appropriate amounts of isobutyl alcohol a final set of standards 
was prepared ranging from 0.1 to 2 yin 0.1 y intervals. The tubes 
containing the standards were then sealed. The amount of 
thiochrome used in each standard tube should be contained in a 
total volume of 5 ml. and each tube should contain exactly 2 ml. 
of this solution. Needless to say, the standard tubes and those 
used for the final observation of the unknown should be free from 
fluorescence and of the same dimensions. 


TaB_e II 
Recovery of Added Thiamine Hydrochloride from Normal Urine 


0.15 y of thiamine as thiochrome in original urine sample. 





rT . ail | ; a 
Thiamine hiamine added | 7.49) thiochrome | ! Bi#mine added | 








added th ee found ye ling Recoveryt 
7 Y Y Y per cent 
0.20 0.15 0.23 0.08 92 
0.50 0.38 0.40 0.25 101 
0.75 | 0.58 0.50 0.35 92 
1.00 0.77 0.65 0.50 100 
2.00 1.54 1.16 1.01 100 








* 1 y of thiamine hydrochloride equals 0.77 y of thiochrome. 
+ With a conversion factor of 65 per cent. 


In labeling the tubes with their thiamine equivalent it must be 
borne in mind not only that the molecular equivalent of 1 y of 
thiamine is equal to 0.777 y of thiochrome but also the fact that 
there is only a 65 per cent conversion must be taken into considera- 
tion. When this is done, it is obvious that 1 y of thiochrome is 
equivalent to 2 y of thiamine. Standards should be replaced 
every month. 

Recoveries—When known amounts of thiamine are added to 
normal urine, the recoveries, as shown in the data of Table II, 
are quantitative within the limits of the method, ranging from 92 
to 101 per cent of the amount added. 

Table III presents the data obtained on the recovery of added 
amounts of thiamine to samples of urine in vitamin B, deficiency. 
It will be observed that the recovery falls considerably below the 
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theoretical amount added, ranging between 61 and 81 per cent 
with an average of 75 percent. It seemed of interest to determine 
whether this lower yield of thiochrome was due to the fact that the 
subjects were deficient in vitamin B, intake. Two subjects were 
placed on a very low intake of thiamine and studies were made 
both of their vitamin excretion into the urine and of the recovery 
of added thiamine at various intervals for from 22 to 28 days. The 
data are presented in Table IV. It will be observed that, whereas 
the recoveries of added amounts of thiamine were approximately 
theoretical early in the experiment, as avitaminosis B; proceeded 


Tase III 
Recovery of Added Thiamine Hydrochloride from Vitamin B,-Deficient Urine 
Based on Theoretical Conversion of Thiamine to Thiochrome 
0.077 7 of thiamine added as thiochrome. 





Thiamine Thiamine hydro- | + Added thiamine 
hyd =o loride chloride added | Total added Real on Uhhia —_——o 
ie + 1 . expressed as thiochrome . + wot — 
aimee thiochrome* = 
Y Y Y y per cent 
0.25 0.19 0.154 0.077 61 
0.50 0.38 0.269 0.192 77 
1.00 0.77 0.462 0.385 77 
1.50 1.16 0.654 0.577 77 
2.00 1.54 0.854 0.777 77 
3.00 2.31 1.320 1.243 81 


* 1 y of thiamine hydrochloride equals 0.77 y of thiochrome 
t With a conversion factor of 65 per cent. 


the recovery of added amounts of vitamin B, sharply decreased, 
until at the 28th day in one individual only 77 per cent was recov- 
ered and in a second individual on the 22nd day only 80 per cent 
was recovered. It would appear therefore that the more deficient 
a subject is, the closer the recovery of vitamin B, added to the 
urine approaches 75 per cent. 

It was important to determine whether this lower recovery was 
due to a failure of conversion of thiamine to thiochrome or to the 
effect of the presence of the many non-fluorescent substances 
which are known to increase in the urine of patients suffering from 
vitamin B, deficiency. An experiment was devised to throw some 
light on this subject. To a pathological urine containing very 
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small amounts of thiamine hydrochloride, known amounts of the 
vitamin were added. As will be seen in Table V, the recoveries 


TaBLe IV 

Effect of Low Thiamine Intake on Excretion of Thiamine in Urine and on 
the Recovery of Added Thiamine 

0.77 y of thiamine added to sample as thiochrome.* 








LU. ey fe | Tam Added | 
Days of diet | em of eo Pe ene age ayy fi. 
thiamine | sample | found* thiosheame recovered tf 
Y Y ¥ ¥ per cent 
Subject B. 2 70 | 6.19 0.67 0.48 95 
8 5.2 | 0.07 | 0.48 0.41 81 
20 Trace | None | 0.38 0.38 77 
28 ea ae 0.37 77 
Subject E. 4 65 0.38 0.88 0.50 100 
7 23 | 0.07 | 0.56 0.49 OS 
12 is | 0.03 | 0.46 0.43 86 
19 6 | 0.03 | 0.44 0.41 82 
22 6 Trace | 0.40 0.40 80 


* 1 of thiamine hydrochloride equals 0.77 y of thiochrome. 
+t With a conversion factor of 65 per cent. 


TABLE V 
Recovery of Thiamine Added to Pathological Urine and to the Eluate 
after Decalso 
0.05 y of thiamine hydrochloride present in urine, expressed as thio- 


chrome.* 


Thiamine | Thiamine | 
hydrochloride Thiamine Ressvery hydrochloride Thiamine Recovery of 
anne. - Lamy pry omer aadaes | — to | pty mee re 
as thioc irome acdc “ried ounc | thiaminet eluate, ex- | bas af ba! ounc . adc oO 
at beginning of | as thiochrome*® | oressed as as thiochrome* | eluatet 
procedure thiochrome* | 
¥ Y per cent Y Y | per cent 
0.38 0.18 74 0.38 | 0.24 | 97 
0.77 0.38 77 0.77 0.50 100 
} 
1.16 0.72 98 
| | 100 


1.55 0.78 78 1.55 0.97 





* 1 y of thiamine equals 0.77 y of thiochrome. 
+t With a conversion factor of 65 per cent. 


of such added amounts of thiamine were markedly reduced. 
When, however, known amounts of vitamin were added to the 
eluate from the Decalso adsorption, the recoveries of such added 


So ae eae 
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amounts were quantitative. These results were interpreted to 
mean that substances were present in urine in vitamin B, defi- 
ciency which interfered with the adsorption of the vitamin from 
the urine rather than in the final oxidative reaction. These sub- 
stances were non-fluorescent, since the preliminary extraction with 
isobutyl alcohol reduced fluorescent interfering agents to not more 
than 5 per cent of the total amount of thiamine present. Thus far 
all attempts to remove these interfering agents have failed. It 
has been found, however, that the recoveries of added amounts 
of thiamine to pathological urine seldom fall below 75 per cent. 
We have been able to correct for the effect of these interfering 
agents by carrying through the analysis a duplicate urine sample 
containing preferably 1 7 of thiamine hydrochloride and correcting 
the observed reading on the basis of the amount of thiochrome 
actually found. Under circumstances where this is not possible, 
it is suggested that a correction figure based on a 75 per cent recov- 
ery may be used without causing an error of greater than 5 to 10 
per cent of the true value. 

Preliminary Washings with Isobutyl Alcohol—Washing the urine 
prior to adsorption by Decalso insures the elimination of most of 
the interfering fluorescent substances such as indoleacetic acid, 
preformed thiochrome, and certain pigments which if permitted 
to remain in the urine would greatly increase the amount of ferri- 
cyanide necessary for oxidation, thereby giving a high urine blank, 
or, by virtue of their own fluorescence, interfere with the final 
reading. In addition to isobutyl alcohol, isoamy! alcohol and 
normal butyl alcohol were tried. When isobutyl alcohol was used, 
the alcohol layer exhibited a high content of pigment and fluores- 
cence, while the urine layer showed none of these characteristics. 
With isoamyl alcohol, the amount of fluorescence found in the 
alcohol layer was similar to that found in the isobutyl alcohol 
layer, but the urine still showed fluorescence. When normal buty! 
alcohol was used, the alcohol layer was less fluorescent and the 
urine layer more so than with either of the other two reagents. It 
was concluded, therefore, that of the three alcohols studied isobutyl] 
alcohol was much to be preferred. 

Effect of Certain Therapeutic Agents on Yield of Thiamine—In 
spite of the washing with isobutyl alcohol, certain therapeutic 
agents such as quinine and quinidine will impart fluorescence to 
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urine which will interfere with the final comparison. Ethyl 
alcohol, when excreted in the urine or added to it, alters the shade 
of fluorescence. Ascorbic acid also increases the final fluorescence 
of the sample and renders it more violet, which makes it impossible 
to compare satisfactorily with the standards. Nicotinic acid in 
large amounts has been stated to interfere with the reaction (11). 
As stated above, the presence of metabolites found in thiamine- 
deficient patients and also the presence of bile or blood in the urine 
also interfere with the reaction, probably by reducing the effective- 
ness of the adsorption. These interfering agents, however, can 
be corrected for by the use of the precautions stated above. 

Elution of Thiamine from Decalso with Potassium Chloride 
Solution—When the Decalso adsorbate is shaken well with 2 ml. 
of potassium chloride, a minimum amount of potassium ferri- 
cyanide is required for oxidation. The use of methyl alcohol as an 
eluting agent has been suggested (1). The basis for the use of this 
reagent is that it tends to protect the vitamin from overoxidation 
by an excess of potassium ferricyanide. It has been found, how- 
ever, that when the elution is carried out as suggested in the 
present procedure excesses of this reagent are avoided and the 
necessity for the use of methy] alcohol eliminated. Furthermore, 
the yield of thiamine, obtained from pure solutions when potassium 
chloride is used as the eluting agent, is approximately 10 per cent 
higher than when this substance is omitted. In the absence of 
potassium chloride, quantitative yields can be obtained only by 
the addition of much larger amounts of the oxidizing agent. 

Oxidation—We have found that 1 y of thiamine was oxidized in 
pure solution by 1.0 mg. of potassium ferricyanide and that the 
quantity of the oxidizing agent required does not vary greatly 
with different urines. 0.2 to 0.3 ml. of a 0.5 per cent potassium 
ferricyanide solution was usually sufficient for complete oxidation. 
Occasionally in urines with a high thiamine content a few drops 
more of the reagents were required. Studies made with pure 
solutions of thiamine hydrochloride and with urines containing 
known amounts of vitamin showed that for all amounts of thiamine 
up to 1 y | mg. of potassium ferricyanide was sufficient. For 
amounts ranging between 1.5 and 10 y of thiamine 1.5 to 2 mg. of 
potassium ferricyanide were required. 

Extraction with Isobutyl Alcohol—It was of course important to 








868 Estimation of Thiamine in Urine 


determine whether or not thiochrome produced by the oxidation 
with ferricyanide could be completely extracted by isobutyl 
aleohol. Accordingly, known amounts of thiochrome were added 
to treated urine after the oxidation. The data given in Table VI 
indicate that such thiochrome was completely extracted by the 
isobutyl! alcohol in the amounts used. 


TaBLe VI 
Extraction by 5 M1. of Isobutyl Alcohol of Thiochrome Added after the 
Oxidation Stage 
0.19 y of thiochrome present in urine sample. 


rhiochrome added to Total thiochrome found Recovery 
oxidized sample 


¥ | ¥ per cent 
0.31 0.50 100 
0.38 0.55 OS 
0.46 0.65 100 
0.61 0.70 100 
0.77 0.99 102 
0.94 1.13 100 
1.4 1.59 100 
1.6 1.85 105 


SUMMARY 


In the present method we have emphasized the importance of a 
preliminary extraction of the urine sample with isobutyl] alcohol. 
In our experience with methods in which this step is omitted, such 
as those of Ritsert (6), Jowett (7), Borson (8), Westenbrink and 
Goudsmit (12), and Ferrebee and Carden (9), the failure to intro- 
duce such a preliminary washing results in a false elevation of 25 
to 35 per cent when the readings are made in the neighborhood of 
1 y of thiamine in the final comparison. The introduction of this 
washing step, which is attributed to Wang and Harris (10), reduces 
this error to not more than 5 per cent. 

In a comparison of the results by the present method with those 
by others in the literature it must be remembered that the stand- 
ards are so prepared or labeled as to include a 65 per cent conver- 
sion factor in the oxidation of thiamine to thiochrome. It would 
appear from our data that the chief cause of low recoveries from 
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urine when suitable adsorbing and oxidizing agents are used is 
the fact that only a portion of thiamine can be converted to thio- 
chrome. However, it is again emphasized that as avitaminosis B; 
increases there is a failure to obtain quantitative yields, which 
cannot be attributed to a failure of conversion of thiamine to 
thiochrome. In such instances it is advisable to determine the 
exact loss in the recovery of a known amount of thiamine. This 
loss is considered to be due to the presence of certain non-fluores- 
cent metabolites whose concentration increases in the urine as 
avitaminosis continues. We have never noted a fall in recovery 
below approximately 75 per cent in any pathological urine speci- 
men. The presence of blood or bile will also cause a reduction of 
the yield of thiochrome to this level but apparently not below it. 
The action of these interfering agents is presumed to be attributed 
to the prevention of optimum adsorption of the vitamin by De- 
ealso. The entire procedure has been carefully checked over for 
other causes of loss. One important consideration was that due 
to the effect of atmospheric oxygen. Since in the present method 
the thiamine in the urine is never exposed to alkali except at the 
very moment when oxidation by ferricyanide is being carried out, 
one would not expect that losses due to oxidation by the oxygen 
of air would occur. This particular point was tested by repeating 
many determinations in an atmosphere of nitrogen. However, 
such experiments reveal no significant increase in the amount of 
thiochrome produced. Of course, repeated shaking of thiamine 
increases the possibilities of intimate contact of thiamine with 
molecular oxygen. In the present method, shaking has been kept 
to the minimum and adsorption carried out by rapid filtration. 
These steps in the procedure would appear to minimize any losses 
due to these causes. The replacement of other eluents by potas- 
sium chloride has resulted in a much better removal of thiamine 
from the Decalso and has minimized the amount of potassium 
ferricyanide required, thereby preventing any danger of over- 
oxidation of the vitamin. 

The method has been found applicable to the determination of 
quantities of thiamine varying from 0.2 to 2.0 y in 5 ml. of isobutyl 
alcohol in the final comparison. With dilutions higher than 
1:20,000,000 of thiochrome, however, an error of about 15 per 
cent is introduced into the standard readings. Within the stated 
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range, differences of the order of 0.1 y are detectable when either 
the Wood light or the Cohen fluorometer is used. Although the 
latter instrument possesses greater precision and accuracy, there 
are, nevertheless, advantages in the use of the eye with the Wood 
light which the fluorometer lacks. Thus the perception of differ- 
ences in tonality and quality of fluorescence is a function requiring 
a fineness of judgment which is only possessed by an experienced 
and an observant technician. 

We have found that the use of so called permanent standards 
such as quinine or quinidine sulfate is unsatisfactory. As a matter 
of fact, these materials are poorly soluble and unstable in isobuty] 
aleohol. They are more stable, it is true, in mixtures of ethyl and 
isobutyl alcohols. Such mixtures, however, are not satisfactory 
as extracting agents for thiamine in the procedure, and, in addi- 
tion, the fluorescent properties of quinine and quinidine in mixtures 
of these alcohols are not comparable to those of thiochrome. 


The authors wish to thank Dr. W. T. Salter and Dr. F. H. L, 
Taylor for their guidance and criticism. 
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A number of years ago, while making a study of the behavior 
of various compounds with the oxidized nitroprusside reagent of 
Weber (1), Sullivan found that methionine, 0.2 mg. per cc., gave 
with this reagent a strong yellow color which after 5 to 10 minutes 
standing, became a strong red on acidification. Since most com- 
pounds react to give color with sodium nitroprusside only in the 
presence of alkali, the development of a strong red color on the 
addition of acid suggested the use of the reaction as a distinctive 
test for methionine. Subsequently unoxidized sodium _nitro- 
prusside was found satisfactory, as described by Sullivan and 
McCarthy (2). 

Application of the nitroprusside reaction to a casein hydrolysate 
indicated that the particular preparation obtained from Dr. D. 
Breese Jones and made according to the procedure of Van Slyke 
and Baker (3) contained 3.2 per cent methionine, practically the 
same amount as was found by Baernstein (4) by an entirely 
different method. 

However, on further work with pure amino acids and amines, 
various other compounds were found to react more or less like 
methionine if the degree of alkalization was low. Thus, histidine, 
histamine, and carnosine, at levels of 1 mg. per cc., reacted some- 
what like methionine under the conditions outlined when relatively 
small amounts of alkali were employed. Further, on standing 30 
minutes or longer in the acid solution, tryptophane, 1 mg. per cc., 
became reddish brown. The tryptophane color, however, was 
extractable by butyl alcohol and the aqueous layer was pale 


* The data in this paper were taken in part from the dissertation pre- 
sented by Timothy E. McCarthy in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy, Georgetown University. 
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yellow. On the other hand, the red color given by methionine and 
histidine was not extracted by buty] alcohol. 

Despite the interference by histidine, etc., it seemed desirable 
to develop the reaction as a test for methionine in proteins. Amino 
acids as a rule are determined in proteins after digestion with acid, 
whereby tryptophane is destroyed. The seriously interfering 
substance is histidine if present in large amounts. Some proteins, 
such as globin, contain much histidine; so an endeavor was made 
to devise a procedure wherein the interference of histidine would be 
at a minimum and the positive reaction of substances such as 
carnosine, histamine, ete., would be eliminated. The following 
procedure was finally found satisfactory for the determination of 
methionine, even when relatively large amounts of histidine or 
other iminazoles were also present. 

Quantitative Procedure for Methionine—Introduce 5 cc. of the 
solution to be tested into a 25 X 2.5 cm. test-tube and add 1 ee. 
of 14.3 n NaOH (57.2 gm. of NaOH in water, diluted to 100 ee.), 
1 ec. of a 1 per cent aqueous solution of glycine, and 0.3 ec. of a 
10 per cent aqueous solution of sodium nitroprusside, with mixing 
after each addition. Place the tube in a water bath at a tempera- 
ture of 35—40° for 5 to 10 minutes. Then cool in ice water for 2 
minutes and add 5 ce. of an HCI-H,;PO, mixture (9 volumes of 
concentrated HCl and 1 volume of 85 per cent H;PO,) with shaking 
during the addition of the acid. Continue to shake well for 1 
minute and cool in water at room temperature for 5 to 10 minutes. 
Match against a standard solution of methionine similarly treated. 

With the use of the strong NaOH plus the glycine histidine 
givesnocolor. The mixture of HCl and H;PO, gives a clearer color 
than the HC! alone. 

The reaction for methionine has a high degree of specificity. 
It is negative with all other amino acids found in acid hydrolysates 
of protein. Methionine sulfoxide is negative and so are homo- 
cystine, cystine, and cysteine, but glycylmethionine is positive. 
Commercial leucine which contains methionine is positive, but 
purified leucine is negative.' If the solution is kept cold at the 

1 The leucine was converted to the methyl ester and purified by the 
procedure of Abderhalden and Spinner (5). This ester was hydrolyzed 
with 20 per cent HCl and the solution was neutralized with 5 n NaOH 


added dropwise with stirring to pH 6.0. On evaporation to incipient 
crystallization, cooling, and filtering, leucine free from methionine was 


obtained. 
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time the acid is added, there is no color reaction given by trypto- 
phane even if it is present in considerable amount. 

The methionine reaction is sensitive to 50 parts per million in 
the Duboseq colorimeter and to 20 p.p.m. in the Klett-Summerson 
photoelectric colorimeter with use of a No. 54 filter. 

Deviation from Beer’s Law—Owing to the color of the reagent 
blank, the values obtained by the visual colorimeter do not follow 
Beer’s law accurately. Over a range of from 300 to 540 p.p.m., 
the average deviation was +9 per cent. The values found with 
the Klett-Summerson photoelectric colorimeter, however, are 
quite satisfactory, since Beer’s law is followed with a maximum 
deviation of +8 per cent with concentrations of methionine varying 
from 25 to 200 p.p.m. 

Variation of Color Formation with Temperature and Time of 
Heating—-The same amount of color is given over a range of tem- 
perature of 35-55° and from 5 to 60 minutes warming time. At 
least 5 minutes standing at alkaline reaction is necessary, and less 
color is obtained if the temperature is below 35°. 

Reaction of Methionine with Iron Compounds—Kolb and Toen- 
nies (6) found that methionine in HCl gives a color reaction with 
cupric chloride. Dr. Toennies in a private communication sug- 
gested that the color formed in the nitroprusside reaction might 
be due similarly to a ferrous or ferric complex of methionine. 
However, no red color developed upon the substitution of ferrous 
sulfate, ferric chloride, sodium ferrocyanide, or sodium ferri- 
cyanide for nitroprusside. 

Recovery of Methionine Added to Amino Acid Mizxture—To test 
the validity of the reaction for methionine, a mixture was made of 
glycine 38, alanine 36, serine 3, isoleucine 209, phenylalanine 31, 
tyrosine 45, cystine 10, tryptophane 15, proline 41, hydroxyproline 
20, aspartic acid 102, glutamic acid 192, histidine 21, arginine 158, 
lysine 22, ammonia 23 mg. Since the leucine available contained 
some methionine, it was replaced by isoleucine. The amino acids 
were dissolved in 75 cc. of 0.1 N HCl. The solution gave a nega- 
tive methionine reaction. Then to 50 cc. of the solution were 
added 15 mg. of methionine and the amount of methionine in 5 ce. 
aliquots was determined. The recovery of the added methionine 
was 99.6 per cent. 

Application of Test to Determination of Methionine Content of 
Casein—Casein samples were prepared by Dr. W. C. Hess of this 
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laboratory according to the procedure of Van Slyke and Baker (3). 
The moisture, ash, total sulfur, and cystine contents are given in 
Table I. 

0.5 gm. portions of Samples 1, 2, and 3 were hydrolyzed for 10 
hours with 2 cc. of 20 per cent HCl in an oil bath at 125°. The 
hydrolysates were poured into 100 cc. beakers and the flasks were 
washed with 2 cc. of water. The solutions were decolorized by 


TABLE | 
Moisture, Ash, Total Sulfur, and Cystine Content of Freshly Prepared 


Casein 


Total sulfur, 


Sample No Moisture Ash oui’ Cystine, corrected 
per cent per cent per cent per cent 
l 8.68 0.11 0.87 0.49 
2 11.59 0.12 0.88 0.45 
3* 0.00 0.12 0.87 | 0.45 


* Sample 3 is part of Sample 1 dried in a vacuum desiccator over sulfuri 
I I I c 


acid. 


Tase Il 
Methionine Content of Casein and Distribution of Sulfur 


Per cent total sulfur 


Per cent 
methionine | | 
| : . . 
| Methionine Cystine 
] 


Sample No : 
Methionine + 


cystine 
1 2.94 73 15.0 88.0 
2 3.64 89 13.6 102.6 
3 3.07 76 13.8 89.8 
4 3.45 89 10.8 99.8 


being warmed with 50 mg. of carboraffin. The carboraffin (carbex 
E) was washed with 5 cc. of warm nN HCl and 5 ec. of cold n HCl. 
The combined washings and filtrate of each sample were neutral- 
ized to pH 3.5 with 5 Nn NaOH, added dropwise with stirring, and 
were then diluted with 0.1 n HCl to 50 ec. Methionine was 
determined in 5 cc. portions with the use of a standard methionine 
solution, 300 p.p.m. The results, corrected for moisture and ash, 
are given in Table IT. 

As tabulated by Toennies (7), the methionine content of casein 
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determined by the Baernstein method appears to vary from 2.89 
to 3.53 per cent. In casein in general, depending on the treatment 
during preparation, we have found variation of other constituents, 
cystine in particular. Samples 1 and 3 are practically the same, 
since Sample 3 was part of Sample 1 dried 2m vacuo over sulfuric 
acid. Sample 2 was made in the same way as Samples 1 and 3 but 
was washed with water to a far greater extent and should be a 
purer sample. Sample 4 was obtained from Dr. D. Breese Jones 
and was prepared according to the procedure of Van Slyke and 
Baker. Despite the variation, the methionine sulfur and the 
cystine sulfur account for most if not all of the total sulfur,"in 


Taste III 
Effect of Time of Hydrolysis on Determination of Methionine Content of 





Casein 

Time of hydrolysis | Per cent eer) “paneee for moisture 
hrs : | eee 

l 3.09 

2 3.05 

4 2.92 

7 2.90 

10 2.90 

14 3.12 

24 3.00 

Average 2.99 





agreement with the findings of Baernstein (4) and of Kassell and 
Brand (8) for other casein preparations. In Harris’ casein, Baern- 
stein found 3.10 per cent methionine, while Kassell and Brand (9) 
report 3.06 per cent methionine in Labco casein. 

Effect of Time of Hydrolysis on Methionine Values—In order to 
determine the length of time necessary for liberation of the meth- 
ionine, a grain curd casein was hydrolyzed for varying lengths of 
time. The methionine values found are summarized in Table ITI. 

It is apparent that the methionine content of casein can be 
determined as accurately after 1 hour of hydrolysis as after 24 
hours. The high and the low of these seven determinations on 
one sample vary +4 per cent from the average. There is no 
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evidence of interference produced by the tryptophane, even in the 
sample hydrolyzed only 1 hour. However, unhydrolyzed protein 
cannot be used because of the precipitation in the final acidification. 

Methionine Content of Edestin—-By means of a Klett-Summerson 
photoelectric colorimeter and a No. 54 green filter, the methionine 
content of a highly purified sample of edestin from hemp-seed was 
found to be 2.32 per cent, corrected for 9.88 per cent moisture and 
0.10 per cent ash. With the Duboseq colorimeter the value was 
2.49 per cent. Toennies (7) gives methionine values for edestin, 
determined by the Baernstein method, of 1.35 to 2.39 per cent. 
Kassell and Brand (9), using a modified Baernstein method, give 
2.3 per cent by the estimation of homocysteine or 2.4 per cent 
by the volatile iodide method. 


SUMMARY 


A new highly specific colorimetric test for methionine is pre- 
sented, based on the reaction of methionine with sodium nitro- 
prusside in an alkaline medium followed by acidification. 

The methionine content of casein and edestin has been deter- 
mined by this procedure with reproducible values in good agree- 
ment with existing data. 

The procedure is simple, and appears to give satisfactory values 
even with brief periods of hydrolysis. 
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FACTORS WHICH GREATLY INCREASE THE ACTIVITY 
OF THE PHENOLIC HYDROXYL GROUP OF 
l-TYROSINE* 


By DONALD E. BOWMAN 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland) 


(Received for publication, June 18, 1941) 


That tyrosine constitutes an integral part of the structure of 
many enzymes, hormones, and proteins of immunity and plays 
an important réle in their physiological action is becoming evident. 
Thus, the fundamental relations between the phenolic hydroxyl 
of this amino acid and the physiological properties of pepsin 
(1-3), pepsinogen (4), insulin (5, 6), and the chorionic gonado- 
tropic (7) and lactogenic hormones (8) have been demonstrated 
and it is quite possible that the contribution of this group to the 
essential nature of many other protein or peptide catalysts will 
also be observed. 

Mirsky and Anson (9) have shown that ferricyanide is reduced 
not only by the sulfhydryl components of protein molecules but 
also by tyrosine and tryptophane. These authors found that as 
reductants tyrosine and tryptophane react very slowly and yet 
their reducing capacity is greater than that of the sulfhydryl 
groups. It was pointed out that, although the activity of the 
non-sulfhydryl reducing groups is enhanced by an increase in 
pH, rise in temperature, and denaturation, the reduction of ferri- 
cyanide by these groups ordinarily extends over a period of at 
least 5 hours. 

In an earlier publication (10) we have presented evidence which 
indicates that the reducing action of the chorionic gonadotropic 
hormone is greatly intensified in the presence of phosphate and 
moderate heat. In the absence of these accelerating factors 


* The material in this paper has been presented in part at the meeting 
of the American Society of Biological Chemists at Chicago, April, 1941. 
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oxidation of the hormone proceeds very slowly even in the pres- 
ence of strong oxidants. Since the physiological activity of the 
hormone, which decreases with oxidation (10), is apparently de- 
pendent upon the presence of the phenolic hydroxyl group of 
tyrosine (7), it is not surprising to find that this group has reducing 
properties similar to those of the hormone. These observations 
have led to a more detailed study of crystalline tyrosine; and the 
object of the present paper is to present data which indicate that 
under certain conditions this amino acid is much more reactive 
as a reductant than has been previously supposed. It would 
appear that the normal physiological state should provide these 
conditions. 


EXPERIMENTAL 


The intensity of the reducing action of crystalline /-tyrosine 
(Eastman) was measured by observing the time required for the 
reduction of a given amount of an oxidant in a dilute solution. 
The influence of various accelerating or inhibiting agents upon this 
reduction time was determined. The 0.001 N iodine employed 
as an oxidant was prepared from potassium iodate, potassium 
iodide, and hydrochloric acid by combining, in order, 1 ec. of a 
stock iodate solution containing 3.567 gm. of KIO ; per liter, 1 ce. 
of a stock iodide solution containing 13.835 gm. of KI per liter, 
15 ec. of distilled water at 0°, 1 cc. of 2 N HCl, and, after thorough 
mixing, sufficient distilled water at 0° to provide a total volume 
of 100 cc. This dilute solution was prepared each time just before 
it was used and was kept in an ice bath at 0°. A stock solution 
of iodine-potassium iodide which is more commonly used was not 
employed, since it is important to avoid an excess of potassium 
iodide. This will be discussed below. The dilute potassium 
permanganate was prepared by diluting a 0.1 N solution. 

The oxidation-reduction dyes which may be easily obtained 
cannot be used as oxidants, since they apparently have Ey values 
below that of the phenolic hydroxyl of tyrosine. It may be 
pointed out that epinephrine and homogentisic acid also have 
Ey values above those of the usual oxidation-reduction dyes. 

The phosphate buffer mixtures were prepared according to 
Segrensen’s tables. Merck’s soluble starch, prepared according 
to Lintner, was employed as an indicator. In each case 1 ec. of 





| 
| 
| 
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an exactly 0.2 per cent solution of starch prepared from a single 
source was used. The total volume of all constitutents of a 
given test was adjusted to 10 cc. unless otherwise indicated. 

The phenol color values of solutions were obtained by a modi- 
fication of Herriott’s procedure (11), with the phenol reagent of 
Folin. Before the colors were developed, the reagents and test 
solutions were cooled to 0°. After color development with the 
phenol reagent the solutions were allowed to stand 5 minutes at 
the same temperature. The phosphate precipitate was dissolved 
with a minimum of glacial acetic acid and the solution was quickly 
filtered. The color was matched against simultaneously pre- 
pared tyrosine standards within 8 minutes after color develop- 
ment. It was found that this procedure did not decrease the 
phenol value of unoxidized tyrosine; yet it minimized the reduc- 
tion of the phenol color reagent by reaction products such as 
hvdriodie acid. 


Results 


Agents Which Accelerate the Reaction—The oxidant most fre- 
quently employed was iodine. Being a milder oxidant than potas- 
sium permanganate, it has certain advantages in following the 
kinetics of the reaction. Also the more intense color given by 
iodine, with starch, in the dilute solutions used is desirable. 
Ferricvanide was not used in order to avoid turbidity which results 
when the ferric indicator is added to a solution strongly buffered 
with phosphate. The use of phosphate buffer is particularly 
significant, since the addition of this salt to an aqueous solution 
of tyrosine or phenol greatly accelerates the rate at which these 
substances react with various oxidants. This is indicated by the 
data presented in Table I. 

It will be seen that in the absence of the buffer a week or more 
may be required for 1 ec. of 0.001 mM tyrosine or phenol completely 
to reduce | cc. of 0.001 N iodine at 25°. In the presence of phos- 
phate not more than 1 or 2 minutes is required. Similar relations 
were observed at 38°, although the reaction was somewhat more 
rapid. 

It has been found that the substitution of some of the other 
buffers such as citrate or acetate in place of phosphate gives results 
similar to those just described. However, in some instances 
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phosphates show a certain degree of specificity in addition to 
maintenance of pH. This is particularly true in the reduction of 
silver described below. 

From Table I it is also apparent that the complete decoloration 
of potassium permanganate by tyrosine or phenol is accelerated 
by the phosphate in a similar manner, and it is of particular in- 
terest to note that phenylalanine does not possess this ability 
to reduce iodine or permanganate rapidly in the presence of 
phosphate. 

In the presence of this buffer tyrosine readily reduces silver 
nitrate at room temperature when exposed to light. This can be 


TaBLe I 
Influence of Phosphate Ion on Oxidation of Phenol, Tyrosine, and 
Phenylalanine 


Time required for 1 cc. 0.001 m reductant to react with 
1 ce. 0.001 N oxidant 


Reductant 


25° 38° 
Iodine KMnO, Iodine KMnO, 
Phenol | 1 wk. 24-72 hrs. | > 24 hrs. | > 24 hrs. 
+ phosphate* 15 see. 2.5 min. 5 sec. 60 see. 
Tyrosine >lwk. > 1 wk. 20 hrs. 90 min. 
+ phosphate 120 sec. 60 sec. 3 sec. 15 sec. 
Phenylalanine | > lwk. | > 1 wk. 20 hrs. > 24 hrs. 
: + phos- | 
phate ; > 1 =. ** 2.5 
Phosphate alone ek ~ Tt is 1 wk. ~ oe 


* 0.5 cc. of 1 m Sérensen’s phosphate buffer, pH 6.81. 


demonstrated by combining | cc. of 0.001 m tyrosine, 0.5 ce. of 
1 m phosphate buffer, pH 6.8, and an excess of silver nitrate such 
as 1 ce. of a 10 per cent solution. After standing 5 to 10 minutes 
in daylight (such as that equivalent to 300 foot-candles) the black 
metallic silver can be observed mixed with the yellow precipitate 
of silver phosphate. If sufficient ammonium hydroxide is added 
to dissolve the silver phosphate, the remaining reduced silver is 
very striking. In the absence of phosphate this reduction does 
not take place nor does it occur in the presence of phosphate if 
pure phenylalanine is substituted for tyrosine. 

At pH 5.8 the reduction of silver by tyrosine readily takes place 
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when the solution is buffered with phosphate but it was not ob- 
served when acetate, citrate, or phthalate buffers were employed 
at the same concentration and pH. 

Since phenylalanine differs from tyrosine in that it does not 
react rapidly with iodine, permanganate, or silver nitrate even 
in the presence of phosphate, it would appear that the phenolic 
hydroxy! is the group primarily involved. The reaction of this 
group with permanganate or silver nitrate is undoubtedly one of 
simple oxidation-reduction; however, in the reaction with iodine 
substitution must also be considered. Yet increased ease in 
substitution would in itself suggest a more active phenolic hydroxy] 
group as the primary factor. 
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CUBIC CENTIMETERS OF 000! M IODINE ADDED 
Fia. 1. Decrease in phenol color value of 1 ce. of 0.001 m tyrosine after 


reaction with iodine. 


In order to observe changes in this group which may accompany 
substitution of iodine in the benzene ring the phenolic color value 
of tyrosine was followed after the amino acid was allowed to react 
with various amounts of iodine. From Fig. 1 it will be seen that 
the phenol color value decreases progressively as the tyrosine 
reacts with increasing amounts of iodine, suggesting simultaneous 
oxidation and substitution. While the possibility that the de- 
crease in phenolic color value is due to the stabilizing influence of 
the substituted iodine has not been excluded, similar decreases 
in the phenol color value of tyrosine have been observed after 
the amino acid has been allowed to react with permanganate or 
silver nitrate in the presence of phosphate. It is of course neces- 
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sary to avoid the interference caused by the reduced form of the 
oxidant in each case. 

It was found that relatively large amounts of phosphate are 
required to accelerate to a maximum degree the reaction of tyro- 
sine with iodine. From the data presented in Table II it will be 


TABLE II 


Influence of Phosphate Salts on Reaction of l-Tyrosine and Phenol with 
Iodine 


Time required to react with 3 m proportions of iodine at 38° 
Weight of salt added* <a: aioe a 


0.1 mg. l-tyrosine 0.06 mg. phenol 

mg. min. min. 
0 720 390 
3.52 577 270 
6.85 480 135 
10.3 158 30 
13.7 20.5 3.25 
17.1 8.5 2.0 
20.6 6.5 1.5 
24.0 5.5 1.5 
27.4 5.2 1.5 
41.0 4.5 1.5 
48.0 4.5 1.5 


Sérensen’s phosphate buffer mixture, pH 5.9. 


TABLE III 


Influence of Temperature on Reaction of l-Tyrosine with Iodine 


* 


Time required for 0.1 mg. /-tyrosine to react 


Temperature with 3 m proportions of iodine at 38°* 
"C. min. 
20 265 
30 28.5 
40 2.75 
50 Instantaneous 


* In the presence of 68 mg. of Sérensen’s phosphate salt mixture, pH 5.9. 


seen that, at pH 5.9, about 41 mg. of the buffer salt are required 
for maximum rate of reaction of 1 mg. of tyrosine with 3 M pro- 
portions of iodine. Somewhat less phosphate is required at higher 


pH _ values. 
That moderate heat also exerts a very striking influence on the 
rate of the reaction is indicated by the data given in Table III. 
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It will be seen that in the presence of phosphate, pH 5.9, the rate 
increases about 10 times for each 10° rise in temperature until the 
reaction becomes instantaneous at 50°. At slightly higher pH 
values it becomes instantaneous at lower temperatures. 

The rate of reaction with iodine is also affected by a change in 
pH at a constant temperature. Thus from the data presented in 
Table IV it will be seen that the speed of reaction is approximately 
inversely proportional to the hydrogen ion concentration. Still 
further acceleration might be anticipated if the pH were increased 
to that of the normal physiological range. 

The influence of pH and temperature upon the rate of reaction 
is less evident when permanganate is employed as the oxidant. 
Also considerably less phosphate is required to bring the reaction 


TaslLe IV 
Influence of Hydrogen Ion Concentration on Reaction of l-Tyrosine with 
Todine 
pH of phosphate buffer mixture* to ee 
min. 
5.90 11.0 
6.24 3.1 
6.47 1.5 
6.64 0.8 
6.81 0.5 
6.98 0.25 


*(.5 cc. of 1 m buffer solution was employed in each case. 


to its maximum speed. This may be attributed to the stronger 
oxidizing power of permanganate, making it less dependent upon 
the favorable conditions which are necessary to support the rapid 
reaction with iodine. 

By keeping all of the variables constant, except the concentra- 
tion of the reductant, it may be observed that the time required 
to reduce a given amount of iodine increases exponentially as the 
concentration of tyrosine decreases. 

Agents Which Retard Reaction with Todine-—\n the presence of 
phosphate and at elevated temperatures potassium iodide is 
capable of greatly retarding the reaction of tyrosine with iodine. 
Therefore it is necessary carefully to standardize the potassium 
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iodide content of the iodine solution which is to be employed. 
By preparing the iodine in very dilute solutions from iodate, iodide, 
and acid as described above it is possible to avoid the marked 
excess of iodide which is necessary to keep iodine in a more con- 
centrated solution. This is advantageous from the point of view 
of the present study. 

The rate of reaction is also altered by the starch employed as an 
indicator. The majority of soluble starch preparations retard the 
reaction somewhat, but some allow it to proceed much more 
rapidly than others. Although the reason for this is not entirely 
clear, it should not interfere with the study of the influence of other 


TABLE V 
Reduction of Iodine by Casein, Egg Albumin, and Gelatin in Presence of 
Phosphate Ion 


Time required to reduce 5 ec. 0.0005 N iodine at 38° * 


Weight of protein 


Casein Egg albumin Gelatin 
mq. min. min. min 
1.0 31 140 
1.25 13.5 74 
1.50 6.5 17 
1.75 1.5 30 
3.0 1140 
4.0 180 
5.0 300 


* In the presence of 68 mg. of buffer salt, pH 5.9. 


factors as long as a uniform amount of starch obtained from a single 
preparation is employed throughout. 

“Tyrosine Reaction” of Proteins—It is of interest to compare 
the reducing properties of various proteins which differ with 
respect to their tyrosine content. From the results represented 
in Table V it will be observed that casein, which contains more 
tyrosine but less cystine than dried commercial egg albumin,! 
reacts with more iodine in the presence of phosphate than does 
egg albumin. Gelatin containing very little tyrosine shows only 


1 Casein contains 6.6 per cent tyrosine and 0.3 per cent cystine, while 


egg albumin contains 4.2 per cent tyrosine and 1.3 per cent cystine (from 
Schmidt (12)). 
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a slight reaction. If these observations are repeated with the 
various proteins under the same conditions except that water is 
substituted for the phosphate buffer solution, only slight activity 
is apparent even after 96 hours at 38°. These data are apparently 
in accord with the belief that the reducing capacity of the non- 
sulfhydryl reducing groups of protein materials is greater than 
that of the sulfhydryl groups. 

It has already been pointed out (9, 13) that the reducing activity 
of the phenolic groups of common proteins increases as the pro- 
teins are denatured. Our experience is in accord with this ob- 
servation except in the case of some of the more uncommon labile 
proteins such as gonadotropin (9) which show a decrease rather 
than an increase in activity after being heated. Preliminary 
experiments also indicate that a labile component may be asso- 
ciated with serum globulin. For example, while heat denatura- 
tion of serum albumin causes about a 25-fold increase in the rate 
of oxidation of iodine in the presence of phosphate, similar dena- 
turation of the carefully prepared globulin fraction causes a 
moderate decrease in this activity. It would appear that, in the 
globulin fraction, the liberation of additional phenolic groups 
through denaturation is somewhat overshadowed by the oxidation 
of similar groups which is accelerated by the heat. 

DISCUSSION 

From the data presented it is apparent that while tyrosine is 
ordinarily oxidized in vitro at a very slow rate, even in the presence 
of relatively strong oxidants, under certain conditions the reaction 
takes place almost instantaneously. It would appear that the 
normal physiological environment should provide conditions neces- 
sary to support the increased activity of this group, at least in 
highly specialized proteins which though present in very small 
quantities have profound metabolic effects. 

The fundamental relations between the phenolic hydroxy! group 
and the physiological activity of various enzymes and hormones 
have been pointed out by a number of investigators. The chem- 
ical activity of this group under physiological conditions is also 
of considerable interest in immunochemistry. It has been re- 
garded as playing a dominant réle in determining the immuno- 
logical character of proteins. The specificity of proteins as an- 
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tigens can be entirely changed by alterations in the tyrosine 
groups through nitration or halogenation ortho to the phenolic 
hydroxyl groups. Yet it has been stated that one outstanding 
difficulty is to account for the specific activities of antigens in 
the absence of evidence that the majority contain any specially 
reactive groups. 

In view of the present findings it would appear that this group 
may not be as stable in vivo as was once thought, but it may be one 
of the active groups being sought. If this is the case, it is quite 
possible that proteins differ not only in the spatial distribution of 
these groups but also in the activity patterns which they present, 
the activity of each group reflecting its molecular environment. 


SUMMARY 


In a study of the reducing action of /-tyrosine it was found that 
the rate of reaction is far more rapid, under certain conditions, 
than was hitherto supposed. The results of the present study 
may be summarized as follows: 

1. The rate at which tyrosine reacts with iodine, potassium 
permanganate, and silver nitrate is ordinarily quite slow; however, 
it may be greatly increased by the addition of phosphate buffer. 
Small increases in pH greatly intensify the reaction. 

2. In the presence of phosphate further marked acceleration 
results from a moderate increase in temperature, until the reaction 
becomes instantaneous. 

3. This reducing action of /-tyrosine may be attributed to the 
phenolic hydroxyl group. 

4. It would appear that the normal physiological state should 
provide the conditions necessary to support the increased activity 
of this group. This may further explain why this group is capable 
of playing such a dominant rdéle in the physiological action of 
various protein catalysts. 
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THE RELATION OF FASTING KETOSIS IN THE RAT TO 
THE PRECEDING DIET AND THE LIVER FAT 


By EATON M. MacKAY, HERBERT O. CARNE, ARNE N. WICK, anp 
FRANK E. VISSCHER 


(From the Scripps Metabolic Clinic, La Jolla, California) 
(Received for publication, September 8, 1941) 


When rats are fasted they develop a ketonemia (ketosis) and 
frequently it is high enough to produce a measurable ketonuria. 
The height of the ketosis is determined by many factors. When 
the diet is low in choline and in protein, the liver becomes very 
fatty (1) and the ketonuria on subsequent fasting is much higher 
(2,3) than it is in animals that have been on the stock diet or other 
food mixtures with a higher protein content. It seemed reason- 
able to assume that the high degree of ketosis during fasting after 
a low protein intake was incident to the fatty liver. This ap- 
peared probable, for ketone bodies arise from the oxidation of 
fatty acids in the liver, and, during fasting after ordinary diets, 
fat generally accumulates in the liver during the period in which 
the ketosis is reaching its ultimate level. However, we have been 
unable to obtain a good correlation between the degree of ketosis 
and the amount of fat in the liver and have therefore been led to 
examine some of the dietary factors which determine the extent 
of the fasting ketosis. 


Methods 


The experimental methods are the same as those we have used 
in other studies. Urine specimens were at first collected under 
light mineral oil (No. 3, Standard Oil Company of California) to 
prevent loss of acetone. We now prefer this method for collecting 
rat urine for almost any purpose. The oil prevents evaporation 
of the small specimens and loss by wetting of containers during 
measuring and handling. 

Analytical methods for blood ketone bodies (4), urine ketone 
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bodies (5), urine nitrogen, liver glycogen (6), and liver fat (7) 
were the usual ones. The liver fat as measured by this method 
comprised the fatty acids of the neutral fat plus the non-saponifi- 
able lipid material. The blood ketone body values are expressed 
as acetone. 

Influence of Lipotropic Factors—Under most dietary conditions 
choline has a powerful lipotropic effect, tending to prevent the 
accumulation of fat in the liver and driving out hepatic fat which 


TABLE I 
Influence of Choline upon Fasting Ketosis 

Experiment 1—Choline was fed during the fasting period. Adult male 
rats averaging 230 gm. in weight were on Diet 1 (casein 5, Anheuser-Busch’s 
brewers’ yeast 5, sucrose 45, Osborne and Mendel’s standard salt mixture 5, 
Crisco 20, butter fat 20) for 10 days and fasted directly from it. Three rats 
in each group were sacrificed daily for blood ketone determinations. The 
control group was given 1 cc. of 0.128 n NaCl and the choline-treated group 
1 ec. of very nearly neutralized (freshly prepared) 2 per cent choline chloride 
per sq. dm. of body surface twice daily. 

Experiment 2—Choline was fed during the period prior to fasting. Adult 
female rats averaging 203 gm. in weight were on Diet 1 for 10 days. The 
diet fed the choline group was the same but contained 2 per cent choline 
hydrochloride. Two rats were sacrificed for the determinations which gave 
each figure. 


Blood ketone bodies | Liver fat 
Time of fasting, hrs...................| 2% | 48 72 % | o | 96 
mg. per |mg. per | mg. per | mg. per | 
cent cent cent cent per cent per cont 
Experiment 1 Control 35 46 28 36 10.6 
Choline 49 46 27 50 | 5.5 
o 2 Control 8 21 22 23 | 10.7 | 5.5 


Choline 11 32 37 26 3.4 10.6 


has already been deposited (8). But Deuel et al. (9) have found 
that choline administered during the period of fasting does not 
appreciably affect the ketosis of fasting rats with fatty livers. 
We have confirmed this observation (Experiment 1, Table I). 
Neither does the addition of choline to the diet prior to fasting 
influence the subsequent ketosis (Experiment 2, Table I), although 
we know that it prevents any accumulation of fat in the liver. 

It has been shown that all or most of the lipotropiec activity of 
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protein is due to methionine (10) and that, while this amino acid 
keeps fat from the liver, cystine is very active in causing the dep- 
osition of liver fat (11). From Experiment 3 (Table II) we 
see that neither of these substances when added to the diet prior 
to fasting affects the subsequent fasting ketosis. By the end of 
the 4th day the blood ketone level was of the same magnitude in 
every case. It should be noted that the blood ketone level before 
the 4th day was lower in both of those groups (Experiment 3, 
Groups 7 and 8) which had been receiving a diet of normal pro- 


Taste II 
Influence of Methionine and Cystine upon Fasting Ketosis 
Experiment 3—Methionine and cystine were fed prior to fasting. Male 
rats averaging 251 gm. in weight were on the special diets for 10 days. The 
di-methionine and l-cystine were added to these diets. There were eight 
rats on each diet and two were sacrificed for blood ketone determinations at 
the end of every 24 hours of fasting. 


dl-Methio- } Blood ketone bodies during fasting 











CNP Diet No. me ter l-Cystine : 
24 hrs. | 48hrs. | 72hrs. | 96 hrs. 
per cent per cent “a a | =" | —> —> 
l l 28 33 33 29 
2 l 0.2 21 43 | 40 29 
3 l 0.4 18 37 |S 36 30 
4 1 0.7 27 37 42 29 
5 l 1.2 29 35 | 48 26 
6 l 1.0 29 35 40 29 
7 2 22 28 28 28 
8 2 1.0 25 16 26 25 


| 





* The composition of Diet 1 is givenin Table I. Diet 2 was the same as 
Diet 1, but casein and sucrose were changed to 25 parts each, 


tein content than in any of the others which had been on a low 
protein diet. 

Relation of Ketosis to Liver Fat and Glycogen Level—This led us 
to follow in detail the development of ketosis during fasting follow- 
ing a low protein intake (Experiment 4, Fig. 1). The rats had 
not been on this diet long enough for their livers to become fatty 
and the liver fat concentration increased regularly throughout 
the period of fasting. But the ketosis as measured by the blood 
ketone level reached its maximum long before the liver fat at- 
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tained a very high level. The degree of ketosis shows a more 
probable causal relation to the liver glycogen level. During 
fasting the sole source of glucose is from protein catabolism and 
the glycerol of fat. These rats had been receiving a low protein 
diet and the amount of “stored’’ protein available for catabolism 
must have been very low. This would account for the rapid rise 
of the blood ketone bodies to their final maximal level. It would 
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Fic. 1. The relation of fasting ketosis to the changes in liver fat and 
glycogen. Experiment 4, female rats averaging 184 gm. in weight were on 
the low protein diet (No. 1) for 8 days before being fasted. Each observa- 
tion represents the average of determinations made on four animals. 


seem probable then that the protein content of the preceding 
diet is the factor chiefly responsible in determining the rapidity 
with which the maximum ketosis is reached during fasting as well 
as the level ultimately attained. 

Influence of Protein Intake in Preceding Diet—To determine 
whether or not this is the chief factor governing fasting ketosis, 
rats were fed protein at various levels. In the first experiments, 


of which a preliminary report has been made (12), choline was 
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included in the diets, so that even at the lowest protein level fat 
would be excluded from the liver. The results showed a very 
definite influence of the prior protein intake on the subsequent 
fasting ketosis even when this was measured by the ketonuria. 
A more convincing experiment has been carried out (Experiment 
5, Fig. 2), in which the ketosis was measured by the degree of 
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Fic. 2. The development of fasting ketosis in the rat following preceding 
diets containing variable amounts of protein. Experiment 5, female rats 95 
days old and averaging 150 gm. in weight were used. Each observation is 
an average of determinations made on two rats. The lowest protein diet 
contained casein 5, sucrose 60, standard salt mixture 5, yeast 5, cod liver 
oil 5, and Crisco 20. The diets containing larger quantities of protein 
were similar except that part of the sucrose was replaced by the stated 
percentage of casein. The animals were on the special diets for 10 days 
prior to fasting. 


ketonemia. The influence of the preceding diet—the less the 
protein, the greater the ketosis—is quite striking. In our pre- 
liminary report (12) we noted that, ‘The ketosis then might be 
dependent upon the antiketogenic action of the amount of ‘stored’ 
protein now available for catabolism. However, nitrogen excre- 
tion figures do not support such a supposition.’’ This last remark 
was undoubtedly due to our having available only the nitrogen 
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figures for the first 2 days of fasting and these had not been ob- 
tained with high urine volumes, so that the collection error might 
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Fie. 3. The relation of fasting ketosis, protein catabolism, blood sugar, 
and liver glycogen to the protein content of the preceding diet. Experi- 
ment 6, each point is an average obtained from observations on three rats 
Diet Group 1 . low protein diet; diet Group 2 , moderate protein 
diet; diet Group 3 , high protein diet. 


be minimized. An experiment was carried out in which careful 
attention was given to accurate urine collections and with high 
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urine volumes, so that the urine nitrogen might more nearly 
represent the end-products of nitrogenous metabolism during the 
urine collection periods. 

In Experiment 6, male rats 100 days old and averaging 241 
gm. in weight were fed for 18 days upon special diets and then 
fasted. All three of the diets were composed of lard 19, Osborne 
and Mendel’s (13) standard salt mixture 5, Anheuser-Busch’s high 
vitamin brewers’ yeast 5, cod liver oil 1, and variable amounts of 
casein and sucrose. Diet 1 contained casein 5 and sucrose 65. 
Diets 2 and 3 contained casein 25 and 55 respectively, and cor- 
respondingly less sucrose. For diet Groups 1, 2, and 3 the average 
body weights at the end of the feeding period were 237, 269, and 
250 gm., while the average food intakes per rat per day were 8.6, 
9.4, and 7.9 gm. respectively. Eighteen rats were fed each diet 
and three from each diet group were sacrificed at the beginning of 
the fasting period and at the end of every 24 hours thereafter 
for 5 days. Each rat was given 5 cc. of water by stomach tube 
twice daily to insure good urine volumes. The results are 
summarized in Fig. 3. They show very clearly the dependence 
of the protein (“stored protein’) catabolized during fasting— 
measured by the urine nitrogen excretion—upon the height 
of the prior protein intake as varied by the protein content of 
the previous diet. The ketosis, measured by the level of ketone 
bodies in the blood, bears an inverse relation to the degree of fasting 
protein catabolism. This is presumably due to the production of 
antiketogenic material (7.e. glucose) from the protein, thus reduc- 
ing the need for ketone bodies. Excellent support for this view 
comes from the better maintenance during fasting of the blood 
sugar as well as the liver glycogen level in those rats (Fig. 3, diet 
Group 3) which had been receiving the most protein prior to fasting 
and which catabolized the most during fasting. We have noted 
the higher fasting liver glycogen after a high protein diet be- 
fore (14). 


SUMMARY 
Neither the liver fat content per se nor any of the agents such as 
choline, methionine, or cystine which are known to influence the 
amount of fat in the liver has a significant effect upon the degree 
of fasting ketosis in the rat. 
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The rapidity of onset and the degree of ketosis reached during 
fasting bears an inverse relation to the protein content of the pre- 
ceding diet. This fasting ketosis is apparently related to the pro- 
tein intake preceding the fasting period because the latter de- 
termines the amount of (‘‘stored’’) protein available for catabolism 
during fasting. ‘This serves as a source of antiketogenic material 
and fasting rats, previously on a high protein intake, better main- 
tain their liver glycogen and blood sugar levels as well as have a 
lower level of blood ketone bodies. 
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KETOGENIC ACTION OF BRANCHED CHAIN FATTY 
ACIDS 


By ARNE N. WICK 
(From the Scripps Metabolic Clinic, La Jolla, California) 


(Received for publication, September 27, 1941) 


Interest in the mechanism of the mode of oxidation of fatty acids 
wherein the acetone bodies may be formed has caused numerous 
investigators to be concerned with the ketogenic action of branched 
chain fatty acids. Baer and Blum (1) fed a series of branched 
chain fatty acids to diabetics and found that a- and §-methyl- 
butyric acids as well as a- and 6-ethylbutyric acids led to an in- 
creased excretion of 8-hydroxybutyric acid in the urine. The in- 
herent difficulties in maintaining any kind of constancy in the 
basic ketosis tend to vitiate the significance of results obtained in 
this manner. However, Embden, Salomon, and Schmidt (2) 
obtained analogous results by liver perfusion studies, but, here 
again, the method of study offers many difficulties. Wirth (3), 
perfusing the liver with a-methylbutyriec acid, also found an in- 
crease in the formation of ketone bodies. These experiments led 
to the conclusion (4) that acids with branched chains undergo 
dealkylation and are then catabolized in the same way (successive 
8-oxidation) as the corresponding unbranched acid. Later experi- 
ments (5) have not supported this dealkylation scheme. Lang 
and Adickes (6) have recently failed to obtain ketone bodies from 
the action of liver slices on a-methylated fatty acids. The avail- 
ability of a new method for determining ketogenic action offered 
the possibility of reexamining the ketogenic action of branched 
chain fatty acids. It has been found that with adequate liver 
glycogen stores and even with simultaneous carbohydrate feeding 
the shorter chain fatty acids, of both even (7) and odd numbered 
(8) carbon atoms, may give rise to ketone bodies. This is useful, 
for under such conditions there is no reason to believe that ketone 
bodies would be formed from endogenous fatty acids and thus 

897 





898 Ketogenic Action of Fatty Acids 


cloud the picture. Presumably the short chain acids cannot be 
stored as such and so are immediately oxidized in whole or part 
and form ketone bodies, perhaps a preferential method for their 
utilization under such conditions. The ketogenic action of g 
series of methyl- and ethyl-substituted fatty acids has been exam- 
ined by the new method. 


EXPERIMENTAL 


The branched chain fatty acids were prepared by the malonie 
ester synthesis. They were purified by vacuum distillation of 
their methyl or ethyl esters in an efficient fractionating column. 
The compounds were identified by their boiling points and equiv- 
alent weights. The fatty acids were injected as solutions of their 
sodium salts (pH 7.4). The solution flowed from a burette, 
through an adequate warming device (37°), into the marginal ear 
vein of the rabbit. The usual procedure was to inject 75 ec. of the 
solution at a constant rate which required a period of about 45 
minutes. Numerous experiments had to be discarded, owing to 
obvious toxic effects of the injected fatty acids at higher concen- 
trations. Arterial blood samples were drawn from the heart at 
the start of each experiment and at varying intervals thereafter. 
The blood ketone concentration was determined by the method 
of Barnes and Wick (9). At the end of the experiment the animals 
were injected intravenously with a fatal dose of pentobarbital 
sodium, and the liver glycogen concentration determined by the 
method of Good, Kramer, and Somogyi (10). Typical experiments 
have been presented in Fig. 1 and Table I. Each experiment was 
repeated two to four times, usually with different doses of the 
fatty acid. All experiments with a given fatty acid gave analogous 
results. 


Results 


Table I contains a summary of the present results (plus or 
minus) compared with those obtained by other workers. They 
fail to agree in large part with those of the earlier workers. In 
only one case are they not in accord with the more recent results 
of Lang and Adickes (6) which appear to be the best previous data 
even though they were obtained with liver slices. 

A quantitative comparison of the ketogenic action of the 
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branched chain fatty acids was not attempted. It is doubtful that 
the ketone-producing fatty acids form ketone bodies at the same 
rate. In addition the rate of utilization of the ketone bodies is 
dependent on their blood level (11). 
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Fic. 1. The influence of the intravenous administration of solutions of 
the sodium salts of branched chain fatty acids upon the level of ketone 
bodies in the blood. 








DISCUSSION 


Ketone body formation by the oxidation of fatty acids has been 
explained in three different ways. The first is the successive 
8 oxidation hypothesis in which 1 molecule of fatty acid furnishes 
1 molecule of acetoacetic or 6-hydroxybutyric acid. Recently 
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this hypothesis has been modified (12) on the assumption that be- 
sides the ketone bodies arising from the 4-carbon residue the pairs 
of carbon atoms removed by £8 oxidation may be condensed to 
acetoacetic acid, one of the ketone bodies. Of late Hurtley’s 
scheme (13) of simultaneous alternate oxidation, now called “‘mul- 
tiple alternate oxidation,” (14-16) has been revived. There is no 
positive support for this hypothesis and it is difficult to conceive 
how this mechanism might apply to the results with branched 
chain fatty acids which are reported here. Likewise, the original 
8 oxidation hypothesis can hardly explain the formation of ketone 
bodies by §-methylbutyric, 6-methylvaleric, or y-methylvaleric 
acids. 

The results summarized in Table I dealing with the compounds 
in the butyric acid and valerie acid series show that only those 
acids which do not have a methy! or an ethyl group on the a-carbon 
form ketone bodies. Dealkylation followed by normal catabolism 
apparently does not occur or it occurs to such a small extent and 
so slowly that ketone body formation cannot be detected. Raper’s 
theory (17) for the oxidation of such branched chain fatty acids 
likewise cannot be reconciled with the data reported here. 

The acids with no alkyl group on the a-carbon atom—$-methyl- 
butyric acid, B-methylvaleric acid, and y-methylvaleric acid—all 
gave ketone bodies. The most likely explanation in all three 
cases and practically the only possible one in the case of the last 
two acids is that the ketone bodies were formed by 8 oxidation and 
condensation of the removed pairs of carbon atoms (12). The 
oxidation of 8-methylbutyric acid by 8 oxidation could conceivably 
leave the 3-carbon residue in the form of acetone. However, two 
experiments with this acid showed that only 11 and 14 per cent of 
the total ketone bodies was in the form of acetone, a percentage 
similar to that found in normal ketosis (18) in which acetone is 
believed to arise by the decomposition of acetoacetic acid. It was 
also once more made certain that acetone is not converted to 
acetoacetic acid or B-hydroxybutyric acid. A rabbit was injected 
with acetone until the blood level was 50 mg. per cent. At this 
time and 2 hours after the injection was stopped all of the ketone 
bodies in the blood were in the form of acetone. Of the two com- 
pounds examined in the caproie acid series a-methylceaproic acid 
gave ketone bodies. The results with the a-methyl and a-ethyl 
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butyric and valeric acid compounds make it unlikely that the first 
2 carbon atoms of the chain whether removed by £8 oxidation or 
singly could participate in ketone body formation. More likely 
is the origin of the latter from the 4-carbon residue. By analogy 
with a-methylbutyric acid possibly none of the first 4 carbon 
atoms of a-methyleaproic acid could be expected to partake in the 
formation of ketone bodies. This leaves the last 2 carbon atoms 
of the molecule to condense with another similar pair to form 
acetoacetic acid. The failure of a-ethyleaproic acid to form 
acetoacetic acid in the same way may possibly be explained by 
steric hindrance which is produced by the larger group. 


SUMMARY 


The branched chain fatty acids, isobutyric, a-methylbutyric, 
a-ethylbutyric, a-methylvaleric, and a-ethylvaleric acids, failed 
to form ketone bodies when injected into the rabbit. Those acids 
of these groups which had no methy!] or ethyl group on the a-car- 
bon atom, namely 8-methylbutyric, 8-methylvaleric, and y-methyl- 
valeric acids, formed ketone bodies. It is concluded that dealky- 
lation followed by 8 oxidation is not the manner in which such 
branched chain fatty acids are catabolized. The ketone body 
formers probably gave rise to acetoacetic acid by 8 oxidation 
and condensation of the pairs of unblocked carbon atoms. 

a-Methyleaproic acid gave rise to ketone bodies, probably from 
the residual carbon chain left after removal of the first 4 carbon 
atoms. The similar ethyl compound failed to yield ketone bodies 
and it must be assumed that this larger alkyl group blocked 
oxidation. 


The author wishes to express his appreciation to Dr. Eaton M. 
MacKay for his helpful criticism and advice. 
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An investigation on the relationship of chemical structure to 
biological activity possesses a twofold interest in the case of viruses. 
First of all, one may assay the physiological importance of various 
functional groups in the molecule by converting these groups into 
chemically inactive forms and testing the resulting derivatives 
for infectivity. In addition, when a given derivative is found to 
be biologically active, one may determine the nature of the virus 
which is produced in the cells of the host. If the infecting mole- 
cules served as exact models for reproduction, one would expect to 
reisolate the virus derivatives from plants so infected. Further- 
more, the disease produced by such an altered virus might be 
different from the normal disease, since it is known that the nature 
of a virus disease varies with the strain of the virus and that 
strains of a virus differ from one another in their chemical properties 
(1, 2). It is possible, therefore, that one might cause structural 
changes in vitro which would, in effect, correspond to the mutation 
of a virus. If, on the other hand, the inoculation of the virus 
derivative resulted in the production of normal virus, it might be 
concluded that the structural changes were reversed within the 
cells of the host or that that portion of the molecules involved in 
the structural change was unimportant and played a subordinate 
role in the reactions of virus reproduction. 

It has been shown that the sulfhydryl groups of tobacco mosaic 
virus can be oxidized with iodine without changing the specific 
Virus activity, but that inoculation of the oxidized virus is followed 

* A preliminary report of the present work has been given (Science, 98, 


428 (1941)). 
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by the production of normal virus (3). Schramm and Miiller (4) 
have reported that the amino groups of tobacco mosaic virus could 
be completely covered by treatment with ketene or pheny] iso- 
cyanate without a decrease in specific virus activity, but it was not 
determined whether the derivatives were propagated as such in 
susceptible hosts. Prolonged treatment with ketene resulted in 
inactivation of the virus. This was suggested to be due to in- 
volvement of tyrosine phenolic groups, although no chemical 
proof was given. In the present study, which was begun before 
the above work came to our notice, tobacco mosaic virus was 
acetylated and results in qualitative agreement with those of 
Schramm and Miiller were obtained, although from a quantitative 
standpoint certain differences were observed. We have there- 
fore extended the investigation, with particular regard to deter- 
mining the nature of the virus which is propagated in plants which 
have been infected with derivatives of the virus. 

In the first experiments, samples of tobacco mosaic virus in 
1 m acetate buffer at pH 5.5 were treated with ketene for varying 
periods of time up to 4 hours. After each period of acetylation, 
the virus solutions were dialyzed against distilled water at 4° 
and the preparations thus obtained were used for chemical and 
biological tests. The changes in amino nitrogen were followed by 
the ninhydrin method as applied by Ross and Stanley (5). The 
decrease in tyrosine plus tryptophane groups was determined with 
Folin’s phenol reagent by Herriott’s method (6). Tests for biologi- 
cal activity were carried out on plants of both Nicotiana glutinosa 
and Phaseolus vulgaris by the half leaf method as used in this 
laboratory (7). The results are presented in Table I. In Ex- 
periment 1 it may be seen that the amino groups were covered 
more rapidly than the tyrosine plus tryptophane groups and seemed 
to reach a more or less constant figure representing 40 to 50 per 
cent coverage. No significant decrease in virus activity was 
detectable in any of these preparations. In Experiment 2, in 
which a more rapid flow of ketene was maintained, the total final 
coverage of amino groups was not appreciably increased, although 
an increase in rate of acetylation of tyrosine plus tryptophane 
groups was manifested. The extent of acetylation of these latter 
groups, like the former, now appeared to approach a limiting 
plateau, which in this case corresponded to about 20 per cent 
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acetylation. The partial inactivation evident in the 120 minute 
run was apparently due to secondary reactions, since the extent 
of acetylation of the groups tested was not affected. When a 
very rapid stream of ketene was employed, as indicated in Exper- 
iment 3, the extent of acetylation still could not be foreed much 
beyond 50 per cent coverage of amino groups and 20 per cent 
coverage of the phenol plus indole groups. The virus derivative 
resulting from a 30 minute treatment under these vigorous con- 
ditions was quite gelatinous in character and when examined in 
the ultracentrifuge was found to be considerably aggregated. 
However, since the material was found to possess normal virus 





ee 





TaBLe | 
Acetylation of Tobacco Mosaic Virus in Acetate Buffer 
Experiment Rate of flow Time of a ms NH: groups F itole Loss in 4 
No. of ketene acetylation | start) covered —_— activity |, 
Hh 
min. per cent per cent per cent i 
1 Slow 15 5.5 39 9 0 
30 5.5 46 7 0 i 
60 5.5 36 12 0 { iH 
240 5.0 54 18 0 Hi 
2 Moderate 10 5.5 53 13 0 
30 5.4 44 19 0 
60 5.3 48 22 0 
120 4.5 45 19 40 
3 Rapid 30 4.8 55 i? i 
120 4.5 


activity, it is probable that on dilution for biological assay the 
aggregated particles were dissociated. The 120 minute period 
of treatment with the rapid stream of ketene resulted in the con- 
version of the virus into an insoluble precipitate. 

It seemed possible that more complete acetylation of the virus 
might be obtained if the reactions were carried out at a higher pH. 
0.5 M phosphate buffer at pH 8.1 was chosen as a suitable medium 
in which to carry out such experiments. As shown in Experiment 
1 of Table II, 30 minutes treatment with a rapid stream of ketene 
at the more alkaline reaction gave a preparation of virus only 
slightly more acetylated than the corresponding preparation in 
acetate buffer. In physical properties, however, the derivative 
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thus obtained showed much less tendency towards gel structure 
formation, and when the treatment with ketene was extended to 
120 minutes no precipitation occurred, as was the case in acetate 
buffer under similar conditions. With the longer treatment, the 
groups tested were not further acetylated, although the virus was 
partially inactivated. 

Experiments were next carried out in which larger samples of 
virus were treated with ketene for separate 1 hour intervals, 
After each period of acetylation, the virus was dialyzed, isolated 
by ultracentrifugation, and dissolved in phosphate buffer at pH 
8.1 for further acetylation. The pH of the phosphate buffer 
remained above 7 for the first half hour of each period of reaction. 
By acetylating for the separate periods, therefore, the virus was 


TaB_e II 
Acetylation of Tobacco Mosaic Virus in Phosphate Buffer 


N He groups 


Exper Time of pH covered + indole I i 
iment Conditions acet y- . } a8 im 
No. lation : groups activity 

, “ Start End Nin- Van covered 
— ope hydrin. Slyke 

min. per cent per cent per cent per cent 

l Rapid ketene 30 | 8.1 6.3 58 21 0 

Small scale 120 | 8.0 | 4.5 59 20 10 

2 Rapid ketene 60 8.1 5.4 46 oF 19 0 

Large scale 120 8.1 §.2 62 75 23 25 

240 | 8.1 5.2 75 83 22 50 


treated for longer periods of time at an alkaline pH. For these 
experiments, the coverage of amino groups was determined by 
the Van Slyke nitrous acid method (8) as well as by the ninhydrin 
method. As may be seen from the data for Experiment 2, Table 
II, the slight further acetylation obtainable under these conditions 
was accompanied by some inactivation. The per cent coverage 
of amino groups as determined by the Van Slyke method was found 
to be somewhat higher than that obtained by the colorimetric 
method, indicating some lack of specificity in the latter. Thus, 
values of 55 to 58 per cent, which represent the maximum coverage 
without inactivation as determined by the ninhydrin method, 
correspond to a figure of around 70 per cent coverage as deter- 
mined by the Van Slyke procedure. It may therefore be concluded 
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from the data as a whole that not more than 70 per cent of the 
amino groups of tobacco mosaic virus may be substituted without 
a concomitant loss of specific virus activity. With regard to the 
phenol plus indole groups, it may be concluded that at least 20 
per cent and possibly more of these groups may be covered without 
the loss of infectivity of the virus. 

The amino nitrogen of nine different samples of untreated virus, 
as determined by the Van Slyke method, was 0.13 + 0.01 per cent. 
The analyses were carried out at 24° and digestion with nitrous 
acid allowed to proceed for 20 minutes. Under similar conditions, 
Schramm and Miiller (4) obtained the value of 0.25 per cent amino 
nitrogen. In addition, they reported negative ninhydrin and 
Van Slyke tests for their acetylated virus. Since the authors 
stated that their virus stock was obtained from this laboratory, 
it is unlikely that the discrepancies can be explained on the basis 
of different strains of virus. 

In order to determine whether tyrosine or tryptophane or pos- 
sibly both of these amino acids were being affected by the ketene, 
analyses with the Folin phenol reagent were also made by the 
“nH 11 method” of Herriott (6). Herriott found that the chromo- 
genic power of acetylated tyrosine derivatives could be recovered 
by treatment with alkali at pH 11, whereas that of acetyl trypto- 
phane could not. We have found that the acetylated virus after 
treatment with NaOH at pH 11 gave with the Folin reagent 97 
per cent of the color given by a control of unacetylated virus. 
It therefore seems probable that a portion of the tyrosine in the 
virus, but little or none of the tryptophane, was affected by the 
acetylation. The calculation of the exact extent of acetylation 
of tyrosine in the molecule was made rather uncertain, however, 
by the fact that the unacetylated, unhydrolyzed virus was found 
to yield only 59 per cent of the color produced by an equivalent 
amount of virus following complete hydrolysis by means of 
6 N NaOH. 

The amount of acetylation of the virus was also checked by 
acetic acid determinations on preparations of the derivative. 
Samples of normal and acetylated virus were hydrolyzed with 
NaOH according to the directions of Sandor and Tabone (9), the 
hydrolysates were acidified with an excess of citric acid, and the 
liberated acetic acid was separated by repeated vacuum distilla- 
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tion. The procedure was similar to that of Herriott (6) but was 
carried out on a smaller scale. 100 mg. samples of untreated 
virus liberated 0.0211 mm of acid, whereas the same sized samples 
of acetylated virus liberated 0.0323 mm of acid. The difference, 
or 0.0112 mm of acetic acid, was sufficient to account for the 
acetylation of 70 per cent of the amino groups of the virus and 20 
per cent of the tyrosine phenol groups (10). It cannot be doubted, 
therefore, that the changes in amino nitrogen and in groups reac- 
tive to the phenol reagent which were observed on treatment of the 
virus with ketene were actually due to the acetylation of these 
groupings. The data indicate that even native virus may contain 
some acetyl groupings, although this has not yet been definitely 
established. 

A preparation of acetylated virus in which the amino groups 
were covered to the extent of 70 per cent and tyrosine plus trypto- 
phane groups to the extent of 20 per cent was inoculated at a dilu- 
tion of 10- gm. of protein per cc. into a number of young Turkish 
tobacco plants. The disease produced in these plants was indis- 
tinguishable from that in a group of control plants. After a period 
of 4 to 5 weeks, the viruses produced in the test and control plants 
were isolated by differential centrifugation. The yields in the 
two cases were comparable. The virus isolated from the plants 
inoculated with the acetylated virus possessed the normal amino 
nitrogen content and showed the same chromogenic power towards 
the Folin reagent as did the virus from plants infected with normal 
virus. Further evidence was thus obtained that infecting virus 
molecules may not necessarily function as exact patterns for 
reproduction. However, as in the case of the iodine-oxidized 
virus (3), the objection might still be raised that the plant cells 
had transformed the derivative into the normal form before repro- 
duction occurred. 

In an effort to obtain a virus derivative less likely to be affected 
by the plant cells, samples of virus in phosphate buffer at pH 8 were 
treated with an excess of phenyl! isocyanate to yield preparations 
of phenylureido virus. The data obtained with these derivatives 
are summarized in Table III. It may be seen that with sufficient 
time of reaction approximately the same per cent of amino groups 
was covered in this case as in the acetylation reactions. The 
coverage of phenolic groups was considerably greater after the 
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pheny! isocyanate treatment, but as with ketene the indole groups 
were found to be unaffected. No significant inactivation resulted 
from the conversion of normal virus to the phenylureido deriva- 
tive. Furthermore, the disease which this derivative produced 
in Turkish tobacco plants was indistinguishable from that caused 
by ordinary virus, and the virus reisolated from the infected 
plants possessed the amino nitrogen content of untreated virus. 
When one considers the high stability of the phenylureido linkage 
at neutral and acid reactions (11) and the relatively foreign nature 
of such a linkage as compared with acetyl] linkages in regard to 
occurrence in living tissues, one is inclined to discount the pos- 
sibility that phenylureido virus molecules are hydrolyzed by cells 
of the host plants. If this conclusion is correct, it would follow 
that the acetyl virus as well was not necessarily hydrolyzed by 


TaB.e III 
Phenylureido Tobacco Mosaic Virus 


| NH: groups covered | Phenol + in- 











Experiment No. | Time —_ — dole groups | Ld 
Ninhydrin Van Slyke 
min per cent | per cent per cent | per cent 
1 90 25 43 43 | O 
2 410 50 63 36 0 


the plant before its biological activity was exhibited. On the 
basis of the molecular weight of tobacco mosaic virus (12), it may 
be calculated that around 3000 amino groups and 2000 to 4000 
phenolic groups per virus molecule were covered without loss of 
infectivity of the virus. 

In order to determine whether the treated preparations were 
chemically uniform or consisted of molecules altered to widely 
different degrees, tests were made with the ultracentrifuge and the 
Tiselius electrophoresis apparatus. The homogeneity of the 
preparations as determined in the ultracentrifuge was not measur- 
ably altered by the two types of chemical treatment. However, 
because of the nature of the chemical changes involved, a more 
sensitive test was provided by the electrophoretic mobility. The 
electrophoresis experiments were carried out at pH 7.3 in 0.1 


ionic K,HPO.KH;PO,-KClI buffer in which 80 per cent of the 
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ionic strength was provided by the KCl. Runs were made on 
the normal virus, on the derivatives, and on mixtures of normal 
virus with each of the derivatives. Tracings of the Longsworth 


1An JAn f san SAr. 1An Jan 
asc. asc. 


asc. 
(a) (b) (c) 

Fig. 1. Tracings of Longsworth scanning diagrams of ascending bound- 
aries obtained during electrophoresis of 0.1 per cent tobacco mosaic virus 
preparations. Field strength, 1.6 volts percm. The vertical arrows indi- 
(a) Acetyl virus; (b) phenylureido 








cate starting positions of boundaries. 
virus; (c) normal virus. 
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Fig. 2. Tracings of Longsworth scanning diagrams of ascending and 
descending boundaries obtained during electrophoresis of mixtures of 0.1 
per cent virus derivatives with 0.1 per cent normal virus. Field strength, 
1.6 volts perem. The vertical arrows indicate starting positions of bound- 


aries. (a) Acetyl and normal virus; (b) phenylureido and normal virus. 


scanning diagrams (13) for the various experiments are shown in 
Figs. 1 and 2. The normal virus possessed a mobility of —8.3 X 
10-° em.” per volt see., whereas the derivatives each possessed a 
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mobility close to —9.3 X 10-° cm.? per volt sec. It may be seen 
from the diagrams that the derivatives were quite homogeneous 
with respect to electrochemical properties and that they could be 
separated readily from the normal virus when the latter was 
present. No appreciable amount of unchanged virus was evident 
in the preparations of the derivatives. The characteristic skew- 
ness observed in the scanning curves in certain cases is not indica- 
tive of electrochemical inhomogeneity but is the result of a slight 
streaming of the virus, similar in effect to that observed with 
vaccinia virus (14). 

From the fact that preparations consisting of chemically uniform 
derivatives of tobacco mosaic virus possessed full biological ac- 
tivity, it must necessarily be concluded that individual units of 
the derivatives were infective. However, with regard to the 
question of the propagation of normal virus in plants infected with 
the derivatives, it might be argued that a very small amount of 
unchanged virus present in preparations of the derivative could, 
by virtue of a greater rate of movement or of reproduction within 
the plant, be solely responsible for the production of normal virus. 
This possibility was tested by a method based on the findings of 
Jensen (15) and of Kunkel (16) that, when plants giving the local 
lesion response were inoculated with a mixture of viruses, any 
single lesion which was isolated was usually found to contain only 
one of the viruses inoculated and not a mixture of viruses. Sam- 
ples of the acetyl derivative of tobacco mosaic virus at concentra- 
tions of 10-* to 10-8 gm. per ec. were rubbed on leaves of Nicotiana 
glutinosa. Ten single lesions from the infected plants were then 
removed and each was employed for the inoculation of a batch 
of young Turkish tobacco plants. For a control, a number of 
Turkish tobacco plants were simultaneously infected with stock 
normal virus. After the several inocula were allowed to increase 
for several weeks, the plants were harvested and the viruses were 
isolated by the usual procedure. The purified preparations were 
tested for amino nitrogen by the ninhydrin method and compared 
with control samples of normal virus. In no case were significant 
differences observed, and the amino nitrogen in all instances cor- 
responded to that of normal virus. An experiment similar to the 
one just described was also carried out with the phenvlureido 
virus and identical results were obtained. It has thus been es- 
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tablished that the normal virus propagated in plants infected with 
virus derivatives did not arise from normal virus present as a con- 
taminant in the inoculum, and it may be concluded, therefore, that 
a large portion of the amino and phenol groups of the virus mole- 
cule may be altered without interfering with the basic reactions 
of virus reproduction. 

It is of interest to compare the behavior of the above derivatives 
of tobacco mosaic virus with the behavior of similar derivatives of 
other well defined, biologically active proteins. Herriott and 
Northrop (17) found that with pepsin practically all of the amino 
groups could be acetylated by means of ketene without the loss of 
enzymatic activity, but that the progressive coverage of phenolic 
groups was accompanied by inactivation. Closely parallel results 
have been reported for insulin (18) and for human chorionic 
gonadotropin (19). On the other hand, diphtheria toxin (20), the 
pituitary follicle cell-stimulating, interstitial cell-stimulating, and 
lactogenic hormones (19, 21), and the gonadotropic hormone in 
pregnant mare serum (19) appear to require free amino groups for 
their activity. Gaunt and Wormall (22) found that the treatment 
of insulin with phenyl isocyanate led to the inactivation of the 
hormone. In control experiments it was found that the phenolic 
group of the free amino acid, tyrosine, did not react appreciably 
with phenyl isocyanate, and it was therefore assumed that the 
phenol groups of the insulin likewise were unaffected by the 
reagent. Our findings with tobacco mosaic virus have indicated 
a marked reaction between phenyl isocyanate and the phenolic 
groups in the virus protein. In view of the results with the virus 
and the fact that the acetylamino insulin is biologically active 
whereas the acetylamino, acetylphenolic insulin is inactive (18), 
it seems possible that the inactivation of the hormone by the 
pheny! isocyanate was due to the actual blocking of phenol groups 
in the molecule. 


EXPERIMENTAL 


d Preperation of Acetyl Virus—Stock samples of tobacco mosaic 
virus were obtained by differential centrifugation of the juice 
expressed from diseased Turkish tobacco plants (23). After the 
virus was recentrifuged two or three times, it possessed an amino 
nitrogen content of 0.13 + 0.01 per cent and was suitable for 
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acetylation experiments. In the first experiments ketene was 
passed through 20 cc. of a solution of 0.5 per cent virus in 1 M 
acetate buffer at pH 5.5. During the acetylation the virus was 
kept in a cellophane dialysis bag suspended in 1 liter of outside 
buffer at pH 7.5. A stream of ketene was introduced through a 
sintered glass filter. The ketene generator and trap for ketene 
polymers were adapted from the directions of Herriott and 
Northrop (17) and of Li (24). The acetylations were carried out 
for periods up to 4 hours. An effort was made to keep the solu- 
tions more alkaline than pH 4.8, because when they became too 
acid the virus was precipitated and inactivated. The temperature 
was 24°. The virus solutions at the end of reaction were dialyzed 
at 4° in a rocking apparatus (25) against 40 liters of distilled water. 
The large scale acetylations were carried out on 180 cc. portions of 
0.5 per cent tobacco mosaic virus in 0.5 M potassium phosphate 
buffer at pH 8.1. In these cases, an outside buffer of 2 liters of 
1 m KeHPO, at pH 8.8 was used and was stirred mechanically dur- 
ing the runs. After each 1 hour period of acetylation, during 
which the pH dropped to 5.4 or 5.2, the virus was dialyzed free of 
phosphate, isolated by ultracentrifugation, and dissolved in phos- 
phate buffer at pH 8.1 for further acetylation. The hydrogen ion 
concentrations were determined by means of a glass electrode. 
Preparation of Phenylureido Virus—In a typical experiment, 
100 cc. of 0.1 m phosphate buffer at pH 8.6 and containing 1.63 
gm. of ultracentrifugally purified tobacco mosaic virus were cooled 
by means of an ice bath, and a total of 1.6 cc. of phenyl isocyanate 
and 7 ee. of 0.2 N NaOH was added with continuous stirring during 
the course of 2} hours. The phenyl isocyanate was added to the 
cooled solution in 0.1 ce. portions at 10 minute intervals. The 
hvdrogen ion concentration of the solution was maintained be- 
tween pH 7.9 and 8.5 by the occasional addition of the alkali in 
1 ce. portions. The preparation was then allowed to stand at 4° 
for an additional 260 minutes with occasional stirring. At the 
end of this time the hydrogen ion concentration was pH 7.5. 
The precipitated diphenylurea was removed by centrifugation and 
washed with 80 cc. of 0.1 Mm phosphate buffer at pH 7. The super- 
natant liquid, which was similar in appearance to solutions of 
ordinary tobacco mosaic virus, and the 80 cc. of wash liquid were 
combined and dialyzed in a rocking apparatus against 40 liters 
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of cold distilled water during the course of 24 hours. The final 
preparation contained 1.2 gm. of protein, corresponding to a 
yield of about 74 per cent based on the starting material. 

Ninhydrin Amino Nitrogen Determinations—The ninhydrin tests 
were first carried out by the quantitative procedure used by Ross 
and Stanley (5). According to this method, 5 to 10 mg. samples 
of virus in 1 ec. of solution are mixed with 0.3 ec. of pyridine and 
0.3 ec. of 2 per cent aqueous ninhydrin and allowed to stand for 
about 20 hours at 37° for color development to take place. 
Because of the variability encountered, it was essential to run 
each determination in triplicate. We have now found that by 
carrving out the reactions at 65-75° for a period of 30 minutes a 
much more rapid color development occurs and the variability is 
greatly reduced. The colored solutions thus obtained were diluted 
to 8 ce. and compared in the Klett-Summerson photoelectric 
colorimeter. A green filter No. 54 was used in the estimations. 
The results of determinations on acetylated virus preparations by 
the original and by the modified procedures were identical, showing 
that the heat treatment did not cause further liberation of amino 
groups. In the absence of pyridine, precipitation of the virus 
interfered with quantitative estimation. It was found that 
samples of untreated virus containing less than 2 mg. may vield 
no color with the ninhvdrin reagent, and furthermore that even 
larger samples of the acetylated virus may give negative results. 
It was therefore important that sufficiently large samples be 
employed for the determination. The negative ninhydrin tests 
reported by Schramm and Miiller may have been due to the use 
of samples of the derivative which were too small. 

Van Slyke Amino Nitrogen Determinations—Tobacco mosaic 
virus in sufficiently high concentrations in acetie acid solution 
vields a stiff gel when sodium nitrite is added. Hence, the man- 
ometric procedure of Van Slyke (8), which permits an efficient 
mixing of reagents, was employed in preference to the volumetric 
procedure for the amino nitrogen determinations. The analyses 
were carried out at 24° and digestion with the nitrous acid was 
allowed to proceed for 20 minutes. At the end of this time, the 
liberation of nitrogen approached an amount corresponding to 
0.13 + 0.01 per cent amino nitrogen. The slight further liberation 
of nitrogen which took place almost indefinitely with time of 
reaction was considered to be of doubtful significance. 
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Tyrosine and Tryptophane Determinations—The extent of 
acetylation of tyrosine and tryptophane in the virus was followed 
colorimetrically by means of Folin’s phenol reagent, as applied 
to unhydrolyzed proteins by Herriott (6). For the pH 8 method, 
samples of 0.5 to 1.0 mg. of virus in 1 ec. of solution were treated 
successively with 2 ce. of 50 per cent urea, 0.2 ec. of Folin’s phenol 
reagent, and 1 ce. of alkaline phosphate. The alkaline phosphate 
was made up of 75 parts of 0.4 M NagHPQO,, 14 parts of 10 per cent 
NaOH, and 11 parts of water. The phenol reagent was diluted 
before use, so that 0.2 ec., together with the other reagents, gave a 
final pH of 8.2. The urea was essential for the prevention of 
turbidity. Color intensities were read in the photoelectric colorim- 
eter at some definite time after the solutions had stood for 20 
minutes. It was important that all samples in a given deter- 
mination be measured after exactly the same interval of time 
because of the fact that, as shown by Herriott, the color intensity 
increases almost indefinitely under these conditions. For the 
pH 11 method, 1 ec. samples of virus were treated with 0.1 ce. 
of 0.2 N NaOH for 15 minutes and then neutralized with 0.1 ce. 
of 0.2 n HCl before the other reagents were added. For the 
determination of tyrosine plus tryptophane on hydrolyzed virus, 
25 mg. samples of the virus were heated for 6 hours with 1 ce. 
of 6 N NaOH and diluted to 25 cc. Analyses according to the 
procedure outlined above were then carried out on 0.74 ec. aliquots 
neutralized with 0.26 cc. of 1.0 N H.SOy. The unknowns were 
compared with standard solutions containing 0.035 and 0.070 
mg. of tyrosine. 

Acetic Acid Determinations—The hydrolysis method of Sandor 
and Tabone (9) was employed instead of that of Herriott (6) 
because of the shorter time required in the former. 100 mg. of 
virus protein were heated in 2 ec. of 0.56 N NaOH for 8 hours at 
100°. The hydrolysate was transferred to a 50 cc. modified 
Claisen distilling flask, 2 cc. of 1.0 N citrie acid and 2 drops of 
capryl alcohol were added, and the volatile acid which was liberated 
was distilled in vacuo at a bath temperature of about 40°. The 
distillate was collected in a receiver which was immersed in an 
ice bath and was titrated with 0.01 N NaOH. Phenolphthalein 
was used as the indicator. 4 ec. of water and an additional drop 
of capryl alcohol were.added to the residue in the distilling flask 
and the distillation and titration were repeated. This operation 
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was carried out six times in all. Under these conditions, controls 
of 0.6 mg. of acetic acid were practically completely recovered, 
The blank titration amounted to 0.02 ec. of 0.01 N NaOH. In 
the case of the hydrolysates of either normal or acetylated virus, 
traces of volatile acid were liberated almost indefinitely when the 
distillations were repeated. However, the titration value ap- 
proached a more or less constant value of 0.10 ec. of 0.01 N NaOH 
after the sixth distillation. Errors due to the blanks for these 
titrations were automatically eliminated when the total titration 
value for the normal virus was subtracted from that for the acet- 
viated virus. 

Activity Measurements— Determinations of specific virus activity 
were carried out according to the directions outlined by Loring 
(7). Both Nicotiana glutinosa and Phaseolus vulgaris plants 
were used for the tests. The activity data for each virus prepara- 
tion were based on results obtained on at least forty half leaves. 
During the winter months, when lesion counts on Phaseolus vulgaris 
plants kept in the greenhouse tended to be low, the plants were 
placed in a warm room at 35° for a period of 24 hours after inocula- 
tion and then returned to the greenhouse for 2 or 3 days before the 
lesions were counted. By this procedure, which has been resorted 
to by Spencer and Price (26), the average lesion count per half 
leaf was considerably increased. 

Ultracentrifuge and Electrophoresis Measurements—Determina- 
tions of the sedimentation constant and tests for homogeneity with 
regard to particle size were made in the air-driven type of ultra- 
centrifuge. The measurements were carried out on 0.3 per cent 
protein in 0.1 m phosphate buffer at pH 7.1. 

Electrophoresis experiments were carried out in a Tiselius ap- 
paratus equipped with the Longsworth schlieren optical system 
(13). Preliminary measurements were made with solutions of 
0.2 per cent virus protein in 0.1 ionic acetate buffer at pH 5.1. 
Considerable difficulty in obtaining satisfactory boundaries was 
encountered at first. It was found that the mechanical movement 
of the boundary, whether due to the action of the current or the 
compensating device, caused an apparent streaming of virus par- 
ticles and distortion of the boundary. This phenomenon went 
hand in hand with the tendency for gel formation in the solutions. 
The acetate ion in particular seemed to cause this structure forma- 
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tion, since, when four-fifths of the acetate concentration was sub- 
stituted by NaCl, the effect was diminished. The difficulty was 
largely eliminated when a change was made to 0.1 ionic K,HPO- 
KH,PO,-KCI buffer at pH 7.3 in which 80 per cent of the ionic 
strength was provided by the KCl, and when the boundary was 
allowed to move at a relatively slow rate of 1 em. per hour. 


SUMMARY 


Acetyl and phenylureido derivatives of tobacco mosaic virus 
have been prepared. Ultracentrifuge and electrophoretic meas- 
urements carried out on the derivatives indicated a homogeneity 
comparable to that of the unaltered virus. 

Determinations of specific virus activity revealed that around 
70 per cent of the amino groups of the virus could be covered with 
either acetyl or phenylureido groups without significant inactiva- 
tion of the virus. Further coverage was accompanied by loss of 
activity. 20 to 40 per cent and possibly more of the phenol plus 
indole groups also could be covered without inactivation. Pri- 
marily the phenol, and not the indole, groups were affected in the 
above reactions. 

When samples of the derivatives were inoculated into Turkish 
tobacco plants and allowed to propagate, normal virus was formed. 
It was concluded that 70 per cent of the amino groups and 20 to 40 
per cent of the phenol groups in the tobacco mosaic virus molecule 
are not important to the basic reactions of virus reproduction. 
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It has long been recognized that intestinal dipeptidase is not 
an entity. Linderstr@m-Lang (1, 2) showed that at least two 
dipeptide-hydrolyzing enzymes were present in hog erepsin. One 
of these, leucylpeptidase, has been investigated more fully (3-5). 
Leucylpeptidase hydrolyzes both di- and polypeptides, leucyl- 
glycine and leucyldiglycine being split at equal rates. It has also 
been shown (6) that intestinal aminopolypeptidase attacks dipep- 
tides at appreciable rates. Grassmann and his associates (7) 
have postulated a prolinase to which they attribute the prolyl- 
glycine- and prolyldiglycine-hydrolyzing activity of intestinal 
extracts. It is well recognized that intestinal mucosa contains 
much dipeptidase activity not due to its content of aminopolypep- 
tidase and leucylpeptidase. As early as 1931 Balls and Kohler 
(8) were able to obtain preparations which hydrolyzed dipeptides 
much more rapidly than polypeptides. Recent recognition (9, 10) 
of the importance of metals and reducing agents in peptidase 
activity has facilitated renewed study of dipeptidases. 

The present investigation represents an attempt to gain some 
knowledge of the nature of the dipeptidases present in hog intes- 
tinal mucosa. Largely because of the instability of these enzymes, 
efforts to obtain one or more of them in a state of enzymatic 
homogeneity were unsuccessful. However, the data obtained 
do give some information regarding the number and activation 
behavior of the dipeptidases of erepsin. 


* Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. This work was supported in part by a grant 
from the Wisconsin Alumni Research Foundation. 
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EXPERIMENTAL 
Methods 


Crude Enzyme—Fresh hog intestinal mucosa, obtained from a 
packing plant, was mixed with a little toluene and stored at —8°. 
After 6 to 7 days portions were thawed. The fairly clear solution 
which separated was filtered through cheese-cloth and clarified, 
if necessary, by centrifuging. Solutions prepared in this manner 
are referred to in the text as crude aqueous erepsin. The dipep- 
tidases are so unstable that much activity is lost before the mucosa 
can be frozen. Even the frozen preparation is not very stable. 
However, it was found that fresh mucosa mixed with an equal 
volume of pure glycerol at the packing plant and stored at —8° 
retained its dipeptidase activity very well. Maximum activity 
was obtained after about 10 days and the activity after 50 days 
was at least as great as on the Ist day. The liquid obtained by 
centrifuging this mixture to remove the insoluble cellular material 
will be called crude glycerol extract. 

Peptide Hydrolysis—The extent of hydrolysis of peptides was 
determined by the acetone-HCl titration method of Linderstrgm- 
Lang (11). The details concerning the method as used in this 
laboratory have been described in a previous publication (9). 
The concentration of racemic peptides was m/15, while that of the 
others was M/30. All metal activators were present in 0.001 m 
concentration and the cysteine concentration was 0.003 mM. Hy- 
drolysis of peptides was measured after incubation at 40°, pH 
8.0 + 0.2. 

The activity values of Tables I to III are expressed as per cent 
hydrolysis of one optical component of the substrate per minute 
per ec. of enzyme (1.5 ce. total volume). Although the enzyme 
concentration and reaction time chosen were always such that the 
observed hydrolysis was between 20 and 80 per cent, the activities 
are to be regarded as only approximate, since a linear reaction rate 
was assumed in their calculation. The reaction time was usually 
30 minutes (never more than 4 hours). 


Results 


Dipeptidases—In Table I, the effect of a number of activators 
on the hydrolysis of various substrates by a crude glycerol extract 
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of intestinal mucosa is shown. Diglycine hydrolysis is activated 
by cobalt and by manganese. Prolylglycine splitting is activated 
by manganese and cysteine, but not by cobalt. Alanylglycine 
splitting is not accelerated by any of the activators tried. Leucyl- 
glycine, which is split by leucylpeptidase, is, as would be expected, 
hydrolyzed more rapidly in the presence of manganese. The 
whole of the leucylglycine-hydrolyzing activity of the preparation 
cannot be attributed to leucylpeptidase. As has previously been 
shown (5), leucylpeptidase splits leucylglycine and leucyldiglycine 
at equal rates, while leucylglycine is attacked much more rapidly 
by the crude preparation than is leucyldiglycine. The hydrolysis 
of d-leucylglycine and dl-N-methylleucylglycine resembles, in its 
activation behavior, the hydrolysis of prolylglycine. 

If the assumption is made that the activation behavior of a 
peptidase does not depend on the substrate being hydrolyzed, the 
data of Table I indicate the presence of at least three dipeptidases: 
(a) an enzyme requiring no activators, hydrolyzing alanylglycine 
rapidly, (b) a diglycine-hydrolyzing peptidase, activated by 
manganese, and maximally activated by cobalt, and (c) a manga- 
nese-activated peptidase splitting prolylglycine and probably other 
substrates. Since the activation behavior of dl-prolylglycine, dl- 
N-methylleucylglycine, and d-leucylglycine is similar, it might be 
postulated that they were all split by an enzyme not requiring a 
free a-amino group in the / position. 

In the crude preparation of Table I, a part of the dipeptide- 
hydrolyzing activity is due to aminopolypeptidase (6) and leucyl- 
peptidase (3, 5). Moreover, the crude material might contain 
natural activators in sufficient concentration to affect the activa- 
tion behavior of the various enzymes. It has not been possible 
to obtain a dipeptidase preparation free of polypeptidase activity. 
By successive adsorption of the dipeptidases on alumina Cy and 
on B-Fe,O3-H,2O it is possible to remove a large part of the amino- 
polypeptidase activity and much inactive material. The prepara- 
tion and properties of such a solution are described in Table II. 
It will be noted that the activation behavior of dipeptide hydrolysis 
resembles that of Table I very closely. From the known substrate 
specificity of aminopolypeptidase (6) it may be calculated that 
only a negligible proportion of the dipeptide hydrolysis of the 
preparation is due to this énzyme. The amount of leucylpeptidase 
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TABLE | 
Activity of Crude Glycerol Extract of Intestinal Mucosa 
The enzyme was 73 days old; its preparation is deseribed under 


‘‘Methods.”’ 


Activity* 
Substrate . : r 

oe Cysteine Mn** Bd Co™ Ps 
Diglycine 42 14 127 92 162 22 
dl-Prolylglycine 15 <33 87 93 1! 60 
dl-Alanylglycine 320 175 189 183 211 251 
dl-Leucylglycine 83 17 107 113 60 77 
d-Leucylglycine 0.9 1.0 1.4 2.6 1.2 0.9 
dl-N-Methylleucylglycine. 1.7 2.3 1.7 11.3 3.7 Ne 
dl-Leucyldiglycine 51 
Triglyeine 33 


* Activity units are defined under ‘“‘Methods.”’ 


TABLE I! 
Activity of Partially Purified Dipeptidase Preparation 

A crude glycerol extract (age 48 days) was acidified to pH 5.1 with acetic 
acid and centrifuged. (Throughout these experiments all pH values were 
obtained with a glass electrode but values for solutions of high glycerol 
concentration represent only the apparent pH.) The supernatant liquid 
was adsorbed with four-fifths of its volume of alumina Cy in 50 per cent 
glycerol (1 ec. of adsorbent was equivalent to 16 mg. of Al,O;). The ad- 
sorbate was washed with 50 per cent glycerol at pH 5.1 and eluted with 50 
per cent glycerol for about 30 minutes at pH. 8.5 (NaOH). This eluate was 
acidified to pH 5.1 (acetic acid), readsorbed with three-fifths of its volume 
of 8-Fe.O;-H,O (57 mg. of Fe.Os per ec. of adsorbent) (12), washed, and 


eluted as before 


Activity 
Substrate J ‘ - : : as 
a > = M - i Aad Co” he int 
Diglycine 9 | 8 60 37 87 6.7 
dl-Prolylglycine 5.3 | 26 28 39 3.7 | 18 
dl-Alanylglycine 131 =| (80 SI 79 = 100 93 
dl-Leucylglycine 31 25 39 19) 26 36 
dl-Leucyldiglvcine IS 


Triglycine is } 
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present would have an appreciable effect only on the hydrolysis 
of leucylglycine. 

The data of Tables I and II show diglycine hydrolysis to be 
greatly activated by manganese and cobalt ions. Alanylglycine 
hydrolysis is not activated by these metals. This indicates that 
if the enzyme hydrolyzing diglycine does attack alanylglycine, 
its effect is masked by the presence of another alanylglycine- 
splitting enzyme which is inhibited by these metals. If part or 
all of this enzyme could be removed, it should be possible to 


Tasie III 
Activity of Enriched Diglycine Enzyme 

To crude aqueous erepsin was added 43 per cent of its volume of saturated 
ammonium sulfate at pH 6.45. The precipitate was dissolved in water, 
made to pH 8.0, and dialyzed for 1.5 hours at 10° against 0.01 m borate buffer, 
pH 8.0. At least 1 sq. em. of cellophane was used per ec. of solution. The 
enzyme was then precipitated with mineral acid at pH 4.5 and the redis- 
solved precipitate adjusted to pH 8.5 in 50 per cent glycerol. 


Activity 
Substrate a a3 Syn 
dea Cysteine | Mn** Ro Co™ aliens 

Diglycine 0.83 1.17 | 1.33 1.17 | 3.50 | 1.83 
dl-Prolylglycine 0.73 | 0.73 | 1.47 | 0.90 | 0.60 | 0.53 
dl-Alanylglycine 2.8 1.8 3.7 3.2 5.2 3.5 
dl-Leucylglycine 1.5 0.9 2.3 1.7 2.3 | 1.0 
d-Leucylglycine 1.0 0.93 1.47 1.00 | 0.83 | 1.0 
dl-N-Methylleucylglycine. 1.0 1.0 1.73 | 0.93 | 0.87 | 1.0 
dl-Leucyldiglycine 3.0 2.5 3.5 2.5 3.8 3.7 
Triglycine 1.6 1.3 2.0 2.0 


determine whether the cobalt-activated diglycine enzyme attacks 
alanylglycine. It has been found that the ratio of diglycine 
activity to alanylglycine activity can be increased by precipitating 
crude aqueous erepsin with ammonium sulfate and then with 
mineral acid. Some enzymatic properties of such a preparation 
are shown in Table III. The hydrolysis of dl-alanylglycine and 
dl-leucylglycine is here activated by cobalt. This indicates that 
they are also attacked by the enzyme responsible for the cobalt- 
activated diglycine hydrolysis. It may also be seen from Table IIT 
that triglycine hydrolysis is increased somewhat in the presence of 


a edmrecua ears 
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manganese and cobalt, which activate diglycine hydrolysis. Since 
aminopolypeptidase is not activated by these metals (9), this is 
undoubtedly due to acceleration of the hydrolysis of the diglycine 
produced when aminopolypeptidase splits triglycine. 

It should also be noted that the preparation of Table III splits 
d-leucylglycine almost as rapidly as di-leucylglycine. The three 
substrates lacking an amino group of / configuration, dl-prolyl- 
glycine, dl-N-methylleucylglycine, and d-leucylglycine, are all 
split at approximately the same rate, and are all activated by 
manganese. Leucylpeptidase, which is also manganese-activated, 
splits these peptides only very slowly. This strongly suggests 
the existence of a manganese-activated peptidase not requiring 
an amino group. It is worthy of note that hydrolysis of the three 
substrates lacking a free /-amino group is, in the crude enzyme 
(Table I), accelerated more by manganese plus cysteine than by 
manganese alone. Moreover, in the crude preparation, these 
three substrates are split at widely differing rates, whereas in the 
preparation of Table III they are split at approximately equal 
rates. It is therefore evident that more than one enzyme is able 
to hydrolyze them. 

Hydrolysis of Prolyl Peptides Grassmann, Dyckerhoff, and von 
Schoenebeck (7) have considered prolylglycine hydrolysis by 
intestinal enzymes to be due to “prolinase,”’ an enzyme presumably 
responsible for the hydrolysis of both prolylglycine and prolyl- 
diglycine by intestinal erepsin. They found that crude prepara- 
tions split prolylglycine rapidly, but that dried preparations did 
not, although they still possessed “dipeptidase”’ activity as meas- 
ured by leucylglycine hydrolysis. At the time their work was 
done, it was not realized that leucylglvcine was split by leucyl- 
peptidase as well as by dipeptidases. The work of Linderstrém- 
Lang (1, 2) indicates dried intestinal preparations to be much 
richer in leucylpeptidase than in other dipeptide-splitting enzymes. 

In Table IV the dipeptide-splitting properties of a dried intes- 
tinal preparation are shown. It will be noted that by far the most 
active dipeptide-splitting enzyme in the preparation is leucylpepti- 
dase. Leucyldiglycine is split 25 times as rapidly as diglycine. 
Prolylglycine, in the absence of an activator, is split very slowly if 
at all. The data of Grassmann et al., obtained without the addi- 
tion of metals, correspond to the values in the third column of 
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Table IV. It is evident that such data, obtained by the use of 
dried preparations, show only that the leucylpeptidase does not 
attack prolylglycine rapidly, and are not indicative of the ex- 
istence of a specific prolinase. The activation data of Tables I 
to III indicate that erepsin contains a number of dipeptidases, at 
least one of which attacks prolylglycine. However, there is no 
evidence for a specific prolinase. 

Grassmann et al. also attributed the rapid hydrolysis of prolyl- 
diglycine by crude erepsin to “prolinase”’ rather than to amino- 


TaBie IV 
Dipeptide Hydrolysis by Extract of Dried Intestinal Mucosa 
Fresh hog mucosa was washed repeatedly with excess acetone and dried 
in a vacuum desiccator. The dried material was extracted 3 days with 80 
per cent glycerol. 1.5 cc. of reaction mixture contained extract equivalent 
to 5.0 mg. of dried mucosa. 





Hydrolysis | Relative activities 

















Substrate | : | : Leucyl- Amino- 
Time boom Sis | ann | Jets | Pa 
hrs. per cent | per cent 
dl-Leucyldiglycine 0.5 | 22 40 | 100 100 100 
dl-Leucylglycine ..| 05 | 2% | & 85 100 10 
dl-Alanylglycine 4.0 34 55 17 9 50 
Diglycine 40, 10 | 4 4 1 20 
dl-Prolylglycine 4.0 ini 5 | 3 20 


polypeptidase, since they found that dried preparations were 
capable of splitting leucyldiglycine but not prolyldiglycine. It 
has been shown in a previous communication (6) that intestinal 
aminopolypeptidase splits prolyldiglycine as well as methylated 
tripeptides (N-methylalanyldiglycine, sarcosyldiglycine) rapidly, 
and that leucyldiglycine-splitting preparations do not necessarily 
contain aminopolypeptidase. Abderhalden and Abderhalden (13), 
however, have questioned our demonstration of the rapid hydrol- 
ysis of methylated tripeptides by intestinal aminopolypeptidase. 
They show that a dried intestinal preparation is unable to hydro- 
lyze sarcosyldiglycine, but conclude that it contains aminopoly- 
peptidase, because leucyldiglycine is rapidly split. It therefore 
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appears necessary to emphasize once more that leucyldiglycine 
hydrolysis is not a criterion of aminopolypeptidase activity. In 
Table V the activity of a dried intestinal mucosa preparation 
toward a number of tripeptides is shown. It will be noted that its 
enzymatic properties resemble closely those of purified leucylpepti- 
dase, but are widely different from those of aminopolypeptidase. 
Furthermore, hydrolysis of all substrates was accelerated by 
MnSO,. Manganese ions activate leucylpeptidase but not amino- 
polypeptidase (9). The present dried preparation, and that of 
Abderhalden, was, like all leucylpeptidase preparations, very 
inactive toward sarcosyldiglycine. It is evident that Abderhalden 
and Abderhalden, using an erepsin preparation which was rich in 


TABLE V 
Tripeptide Hydrolysis by Extract of Dried Intestinal Mucosa 
The preparation was the same as in Table IV, with additional washing 
with ether before drying. 1.5 ec. of reaction mixture contained extract 
equivalent to 2.8 mg. of dried mucosa. 





Hydrolysis Relative activities 
Substrat | = Amino- 
ubstrate " | No 0.001 Dried Leucvl- 5 
ime / MnSO | MnSO, | mucosa | POP | pepti- 
dase (5 per 
: | dase (6) 
hrs. per cent per cent | 
dl-Leucyldiglycine 0.5 18 2 100 100 | 100 
Triglycine 4.0 Ss; &# 3 l 600 
Sarcosyldiglycine 4.0 0 3 l <1 106 
dl-Prolyldiglycine 4.0 14 20 6 l 700 


leucylpeptidase but contained little or no aminopolypeptidase, 
concluded that since their dried erepsin did not hydrolyze sarcosy]- 
diglycine, aminopolypeptidase, which is contained in fresh but not 
dried erepsin, was also incapable of splitting this compound. 

The sarcosyldiglycine used in this, and in previous papers, was 
made by the reaction of chloroacetyldiglycine with ammonia-free 
aqueous methylamine. It gave a neutral equivalent of 203 (the 
calculated value) on titration with HCl in 95 per cent acetone. 


SUMMARY 


1. Hog intestinal mucosa contains a number of dipeptidases. 
These enzymes are very unstable in aqueous solution but may be 
kept for months in 50 per cent glycerol at low temperatures. 
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2. On the basis of activation studies on various erepsin frac- 
tions, three of these dipeptidases may be partially characterized: 
(a) an alanylglycine-splitting enzyme not activated by the sub- 
stances used, (b) an enzyme hydrolyzing diglycine rapidly, acti- 
vated somewhat by manganese but best by cobalt ions, and (c) 
a manganese-activated enzyme hydrolyzing prolylglycine and 
probably other dipeptides not having an amino group in the 
1 configuration. Other dipeptidases are undoubtedly present. 

3. Most of the peptidase activity of dried intestinal mucosa is 
shown to be due to leucylpeptidase. 

4. There is no evidence for the existence of a specific prolinase 


attacking all prolyl peptides. 
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The removal of pyruvate in vitro from human blood under cer- 
tain experimental conditions has been adequately demonstrated 
(1,2). Wilkins, Weiss, and Taylor (1) concluded from simultane- 
ous studies of bisulfite-binding substances and pyruvic acid levels 
in the blood that the latter may be converted into other ketone 
bodies. Dische (3) found that the removal of hexose diphosphate 
by blood cells was increased by the addition of pyruvate, under 
which conditions a phosphate ester difficult to hydrolyze (probably 
phosphoglycerate) was formed. He concluded that the reaction 
pyruvate + triose phosphate = lactate + phosphoglycerate 
described for muscle (4, 5) occurred also in blood. 

In this paper we are reporting our studies on the removal of 
pyruvic acid in vitro from human blood." 


EXPERIMENTAL 


Blood was drawn from selected patients on the wards of the 
Psychiatric Division of Bellevue Hospital. The subjects were 
chosen on the basis of the absence of any somatic disease or mental 
illness other than psychoneurosis. All specimens were obtained 
from fasting subjects at rest in bed. Unless otherwise mentioned, 
coagulation of the blood was prevented by the use of 0.2 per cent 
potassium oxalate. 

* Aided by grants from the John and Mary R. Markle Foundation and 
the Williams-Waterman Fund of the Research Corporation. 

!A preliminary report (6) of these studies was presented before the 


rifty-third annual meeting of the American Physiological Society at Chi- 
eago, April 15-19, 1941, and has since been largely confirmed (7). 
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The blood was added to an equal volume of a solution of pyruvie 
acid containing, in 1 ml., 200 y of the acid as sodium pyruvate, 
plus the other substances tested. No attempt was made to pre- 
vent hemolysis. The sodium pyruvate was prepared from three 
times redistilled pyruvic acid, diluted, and neutralized according 
to Lu (8). Controls, prepared in exactly the same manner except 
that pyruvate was omitted, were used in each experiment. 

The samples were then incubated at room temperature with 
frequent agitation. After a predetermined period they were 
precipitated with 4 times their volume of 10 per cent trichloro- 
acetic acid, except when lactic acid was to be determined. For 
the determination of lactic acid an aliquot portion of each sample 
was precipitated according to Somogyi (9). Another aliquot was 
precipitated with trichloroacetic acid and used for pyruvic acid 
determinations. The same amount of sodium pyruvate (in 0.1 
per cent solution) which had been added to the experimental 
samples was added to the controls after precipitation, an equal 
volume of water being added to the experimental samples. 

Pyruvic acid was determined in aliquot amounts of the fil- 
trates according to a previously described method (2). The 
differences between the values found for pyruvie acid in the 
controls and in the experimental samples represented the amounts 
of added pyruvic acid removed by the blood. 

Lactic acid was determined by the method of Wendel (10). 
Pyruvic acid, in the concentrations used, does not interfere with 
lactic acid determinations by this method. 

Bisulfite-binding substances were estimated by a modification 
(11) of the method of Clift and Cook (12), dibasie sodium phos- 
phate being used to release the bound bisulfite instead of sodium 
bicarbonate. 

Glucose was determined in 2 ml. of blood filtrate (0.2 ml. of 
blood) by a modification (13) of the method of Hagedorn and 
Jensen, 0.002 instead of 0.005 N sodium thiosulfate being used for 
the final titration. 

The evolution of carbon dioxide was measured in the Warburg 
apparatus. 1 ml. of blood and 0.8 ml. of phosphate buffer (pH 
7.4, 0.2 molar) were placed in the main compartment of a vessel 
with two side arms. 0.2 ml. of a 0.1 per cent solution of pyruvic 
acid as sodium pyruvate (pH about 7.4) was placed in one arm, 
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and 0.2 ml. of 0.8 N sulfuric acid in the other arm. The control 
flasks contained 0.2 ml. of water in the first side arm in place of 
the pyruvate. The flasks were shaken at 30° in an atmosphere of 
nitrogen until spontaneous gas production was minimal, at which 
time the pyruvate (or water) was tipped into the main compart- 
ment. Again when there was no further evolution of gas (usually 
after | hour) the acid was tipped into the mixture from the other 
arm. Incubation was continued until all gas production ceased. 
The amount of gas evolved from the time of the addition of the 
pyruvate (or water) until the end of the experimental period was 
recorded. The difference in gas production between the flasks 
containing pyruvate and the corresponding control flasks contain- 
ing water represented the carbon dioxide evolution due to de- 
carboxylation of pyruvate. 

Aliquot portions of blood were incubated in the same manner 
except that they were removed for the determination of pyruvate 
before the addition of acid. 

All determinations were done in duplicate. 


Results 


The ability of oxalated whole blood to remove added pyruvate 
is increased by allowing the blood to stand for 30 to 60 minutes at 
room temperature before the addition of the pyruvate (Table I). 
Standing for a longer period of time does not further increase the 
rate of pyruvate removal. There may even be a slight decrease 
when the blood is permitted to stand for 24 hours. 

The data in Table II show that the rate of pyruvate removal 
decreases as the period of incubation with pyruvate is prolonged. 
The amount of pyruvate removed per ml. of blood is constant, re- 
gardless of the total amount of blood used. 

The removal of pyruvate from blood, in vitro, is influenced by a 
number of factors and substances. It is increased by phosphate 
in a concentration of 0.075 m (pH optimum 7.4) (Table I). Sodium 
cyanide (neutralized to litmus with dilute sulfuric acid) increased 
the disappearance of pyruvate regardless of whether the pyruvate 
was incubated with blood or with distilled water alone. It has 
been reported previously (2) that this action of sodium cyanide is 
not inhibited by concentrations of iodoacetate which completely 
stop pyruvate degradation in blood. The addition of pyruvic 
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acid cyanohydrin (14) to blood did not cause any significant forma- 
tion of lactic acid. The increased pyruvate removal caused by 


TABLE [I 


Effect of Various Factors upon Pyruvate Removal from Human Blood 





Period of incu- | Phosphate | Sodium 


‘ bation of blood | buffer con- fluoride | Pyruviec acid removed in 30 min 
Anticoagulant before addition | centration | concentra- by 1 ml. blood 
of pyruvate (pH 7.4)* tion* 
Mu per cent Y Y Y 
0.2% oxalate 5 min. 19 29 25 
— 15 50 
a 45 52 57 
180 * 42 50 48 
24 hrs. 38 44 
0.2% oxalate 60 min. 45 57 69 48 
60 “ 0.075 81 | 120 | 138 | 88 
0.2% oxalate 60 min. 0.075 0 146 89 131 155 
60 °° 0.075 2 SS 49 69 40 
25mg. % hepa-- 60 ~ 0.075 0 28 61 58 
rin 60 * 0.075 2 25 | 4 | 2B 


* Phosphate and fluoride were added 1 hour after withdrawal of the 
blood from the vein. 
TaBLe II 


Rate of Pyruvate Removal from Oxalated Whole Blood Incubated for 60 Minutes, 
at Room Temperature, before Addition of Pyruvate 


Experiment 1 Experiment 2 


Time of incuba- | 


tion with pyruvate — Py namie semen ee Pyruvate removed 
min. Y 7 y y 
0.75 5 6.7 
3.00 12 +.0 
10.00 32 3.2 
15.00 28 1.9 
30.00 41 1.4 46 1.5 
60.00 59 1.0 61 1.0 
120.00 67 0.6 


136.00 77 0.6 
cyanide is therefore not due to an activation of an enzyme system 
but to the formation of pyruvic acid cyanohydrin. 

It has previously been shown that pyruvate removal is inhibited 
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by iodoacetate in a concentration of 0.2 per cent (2). In addition, 
sodium fluoride in a concentration of 2 per cent was found defi- 
nitely to decrease pyruvate removal (Table I). Concentrations of 
1 per cent or less had no appreciable effect. 

An apparent decrease in pyruvate removal occurs when de- 
fibrinated or heparinized bloods are used instead of oxalated blood 
(Tables I and III). 

The addition of thiamine and cocarboxylase to normal human 
blood in vitro had no effect upon the rate of removal of pyruvate. 
This was pointed out in our preliminary report (6) and constitutes 
evidence against the possibility (2) that cocarboxylase might be 
involved in the removal in vitro of pyruvate from blood. 

The removal of pyruvate did not significantly vary when the 
blood was incubated at temperatures ranging from 25-37°. 
Nor was there any consistent variation in the amount of pyruvate 
removed according to whether the blood-pyruvate mixture was 
incubated in an atmosphere of nitrogen, oxygen, or air. 

Observations on Location in Blood of Enzyme System Responsible 
for Pyruvate Removal—Experiments were performed to determine 
which constituents of the blood contain the enzymes responsible 
for pyruvate removal. These experiments are summarized in 
Table IV. It was found that blood cells, obtained by washing 
whole blood three times with equal amounts of physiologic saline, 
removed considerably less pyruvate than equivalent amounts of 
the corresponding whole bloods. Plasma and heated blood cells 
(2 minutes at 100°) were completely inactive. The addition of 
heated plasma to unheated blood cells tended to restore the ac- 
tivity of the cells to that of whole blood. Heated cells to which 
unheated plasma had been added remained inactive. 

The activity of the cells when suspended in phosphate buffer 
was considerably increased when glucose was added immediately 
before the addition of the pyruvate solution (Table V). Allowing 
the cells to stand for 1 hour at room temperature, in the presence 
of glucose, phosphate, and oxalate, before the addition of the 
pyruvate solution, increased their activity to that of oxalated 
whole blood incubated with phosphate (Table V). Addition of 
glucose to whole blood had no effect upon the rate of pyruvate 
removal. 

Observations on End-Product of Pyruvate Metabolism in Blood— 
Measurements of the total bisulfite-binding substances and of the 
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pyruvate content of aliquot portions of the same bloods, after 
incubation with added pyruvate, showed that the amount of total 
carbonyl compounds which disappeared was equivalent to the 


TaBLe IV 
Removal of Added Pyruvate by Blood Cells and Plasma 











Qp* 

gg ey 

mentl | ment 2 ment3 | ment 4 ment 5 
Whole blood i 44 
Cells | 5 6 | Ww | 2 12 
Plasma , 0 | -_ 0 
Cells + plasma a: a 2 56 45 
Heated cells + plasma. 0 | ee} 2 0 
Cells + heated i 29 38 19 55 41 


* Q, represents the micrograms of pyruvic acid removed by 1 ml. of blood 
or its equivalent of cells or plasma (hematocrit value) in 30 minutes, pyru- 
vate being added 60 minutes after withdrawal of the blood from the vein. 


TABLE V 
Effect of Added Glucose on Pyruvate Removal by Blood Cells and 
Whole Blood 
Phosphate 0.075 m (pH 7.4); potassium oxalate, 0.1 per cent. 


| 


| Period of 
Ciusen | incubation Qp 
added to | before isi - 
| sodium 


1 : a 7" : » ie 4 Hae oe 
1 ml. blood pyruvate | Experi-| Experi-; Experi-| Experi- Experi-| Experi- 
addition ment 1 | ment 2| ment 3/ ment 4! ment 5 | ment 6 











mg. min. 
Cells 0 0 | B 14 26 | 41 28 22 
0 6 | 2| 10| 30 | 32 | 29 
0.8 0 | 84 56 78 | 114 | 74 62 
0.8 60 143 137 115 | 159 150 134 
Whole blood 0 60 150 130 121 | 161 | 147 141 
0.8 60 146 129 118 159 152 137 


pyruvate removed. In fifteen experiments with and without 
added sodium fluoride (2 per cent) the average difference between 
the pyruvic acid (hydrazone method) and the total bisulfite- 
binding substances (expressed in micrograms of pyruvic acid) 
removed was +3 y (standard deviation +1.8) per ml. of blood. 
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Therefore, none of the pyruvate removed could have been con- 
verted into other carbonyl compounds. 

The incubation of whole blood with added pyruvate, in the 
absence of fluoride, consistently resulted in the formation of more 
lactate than could be accounted for by the pyruvate removed 
(Table III). Incidentally, the glucose content of oxalated blood 
incubated with added pyruvate decreased to an appreciably greater 
extent than that of the same blood incubated for the same period 
without pyruvate (Table ITT). 


TaBie VI 
Effect of Addition of 200 y of Sodium Pyruvate per M1. of Blood on Lactate 
Formation in Ozalated, Fluorinized* Blood, Incubated in 0.075 m 
Phosphate Buffer (pH 7.4) 


. , , : Pyruvie acid | Lactic acid Glucose re- 
Mapesionent Staten io 5 7, | removed by 1 famed Oe 1 maved by | 
Y Y Y 
1 Without 0 —3 
With 66 59 15 
2 Without 4 0 
With SS 73 8 
3 Without —2 5 
With 63 60 ~ 20 
4 Without l 5 
With 99 90 0 


* Sodium fluoride (final concentration 2 per cent), pyruvate, and phos- 
phate were added to oxalated blood after 60 minutes incubation at room 


temperature. 


In Table VI are charted our results with blood to which 2 per 
cent fluoride had been added to prevent glycolysis. With this 
concentration of fluoride, the amount of lactate formed varied 
between 83 and 95 per cent of the pyruvate removed. Estimations 
of glucose content, before and after incubation, showed that little 
glycolysis had occurred. The inhibition of glycolysis is also in- 
dicated by the fact that no lactate formation occurred in the con- 
trol bloods (with 2 per cent fluoride, without pyruvate) during 
the same period. 

The results of simultaneous estimations of pyruvate removal and 
gas production (anaerobic) revealed that in one experiment de- 
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carboxylation accounted for 9 per cent of the pyruvate which dis- 
appeared, a value within the experimental error. In three other 
experiments no gas production occurred. There is then no indica- 
tion that the anaerobic removal of pyruvic acid from blood is 
brought about through a dismutation yielding 50 per cent lactic 
acid and 50 per cent acetic acid plus CO2, as has been reported 
for brain slices (15) and certain bacteria (16). 

Observations on Effect of Glycolysis on Pyruvate Removal—As 
mentioned above, our first observations on the removal of pyruvate 
from heparinized and defibrinated bloods indicated a decreased 
activity of these bloods as compared with oxalated blood. More 
complete studies, which included measurements of lactate forma- 
tion and glucose removal, showed the decrease in pyruvate removal 
to be associated with an increase in the amount of glycolysis 
(Table VII). When glycolysis was prevented by the addition of 
2 per cent fluoride immediately upon withdrawal of the blood, 
the differences between the heparinized, defibrinated, and ox- 
alated bloods were considerably less (Table III). 

That the rate of the removal in vitro of pyruvate from heparin- 
ized blood is influenced, to a considerable extent, by the rate of 
glycolysis is demonstrated further by the fact that the addition of 
2 per cent fluoride to heparinized blood, after glycolysis had been 
permitted to continue for 1 hour at room temperature, did not 
restore the pyruvate-removing powers of the blood to the level 
observed in an oxalated aliquot treated in a similar manner (Table 
I). The finding that the inhibiting effect of fluoride upon pyru- 
vate removal was somewhat less striking with heparinized than with 
oxalated blood in these experiments (Table I) may be due to a 
greater counterbalancing effect of the inhibition of glycolysis by 
fluoride in heparinized blood. 

Observations on the removal of pyruvate from heparinized blood 
in the absence of fluoride and of added pyruvate (Table VII) 
showed that the pyruvate content of such bloods steadily de- 
creased during at least the first 30 minutes following withdrawal 
from the body. At the end of a 4 hour period of incubation, at 
room temperature, the pyruvate level had increased to above its 
original value. This latter phenomenon was not observed when 
oxalated blood was used (Table VII). 

The results with oxalated and heparinized bloods to which 200 
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y of pyruvie acid per ml. of blood had been added are shown in 
Table III. While glycolysis in the heparinized blood was defi- 
nitely inhibited by the addition of this amount of pyruvate, glucose 
removal and lactate formation were increased in the oxalated 


blood. 


DISCUSSION 


Our experiments with whole blood, plasma, and washed blood 
cells demonstrate that the enzyme (or enzymes) involved in the 
removal in vitro of pyruvate from blood is located within the blood 
cells. The adjuvant heat-stable factor present in plasma has been 
shown to be some intermediary metabolite of glucose rather than 
glucose itself. This interpretation is derived from the finding that 
the pyruvate-removing activity of blood cells is restored to that 
of whole blood by glucose only when a period of incubation inter- 
venes between the addition of the glucose and the addition of the 
pyruvate, and also from the fact that whole oxalated blood, when 
permitted to stand for 30 to 60 minutes before addition of the 
pyruvate, removes more pyruvate than freshly drawn blood. 

The activation of pyruvate disappearance by phosphate indi- 
cates a relationship between phosphorylation and glucose and 
pyruvate catabolism. This is also suggested by the finding that 
the addition of pyruvate to oxalated blood increased lactate forma- 
tion to a greater extent in the presence of added phosphate than 
in its absence. 

Embden and Deuticke (17) and Lohmann and Meyerhof (18) 
have shown that fluoride inhibits glycolysis at the phosphoglycer- 
ate stage. Our own experiments have shown that this inhibition 
is complete for the period of incubation (30 minutes) used in our 
studies, with a concentration of fluoride of 2 per cent. It would 
seem then that any lactate formed under these conditions, in 
blood containing 2 per cent fluoride, is derived from the pyruvate 
removed. As mentioned previously, the amount of lactate re- 
covered in our experiments accounted for 83 to 95 per cent of the 
removed pyruvate. 

We were unable to demonstrate conversion of pyruvate to other 
carbonyl compounds or to find any definite proof of pyruvate de- 
carboxylation under our experimental conditions. 

Dische (3) has reported that the removal of hexose diphosphate 
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by blood cells is increased by the addition of pyruvate. He found 
the hexose diphosphate to be converted into a substance which he 
considered to be phosphoglycerate. While Lu and Needham (19) 
did not find any lactate formation in defibrinated and fluorinized 
blood after adding pyruvate alone, they observed a significant 
lactate production when hexose diphosphate and adenylic acid 
were added together with the pyruvate. It is probable, then, that 
the phosphorylated metabolite of glucose which we have shown 
to catalyze the removal of pyruvate by washed blood cells is 
triose phosphate. 

Our experiments indicate that the main pathway for pyruvate 
degradation in blood is identical with that described by Meyerhof 
and Kiessling (4) and Needham and Pillay (5) for muscle; namely, 
the coupling of pyruvate reduction with the oxidation of triose 
phosphate to phosphoglycerate. Needham and Pillay (5) found 
this reaction in muscle to be catalyzed by lactic acid dehydrogenase 
and coenzyme I (diphosphopyridine nucleotide). Iodoacetate, 
which inhibits the action of coenzyme I, also prevents the dis- 
appearance of pyruvic acid from the blood. 

It is difficult to evaluate the statement of Flock, Bollman, and 
Mann (20) that, “The reduction of pyruvic acid to lactie acid 
does not occur in blood in vitro,’”’ as no mention is made of the 
anticoagulant used, or whether or not fluoride or phosphate was 
added. The increased removal of pyruvate from oxalated blood, 
as compared to heparinized or defibrinated blood, is associated 
with a partial inhibition of glycolysis, at the phosphoglycerate 
stage, by the oxalate. Thus there is first an inhibition of pyruvate 
and lactate formation from glucose catabolism, and second, an 
accumulation of triose phosphate and a corresponding stimulation 
of pyruvate removal. 

In the heparinization and defibrination of blood no substance 
inhibiting glycolysis is added. Under these conditions pyruvate 
removal would tend to be counterbalanced by pyruvate formation. 
Further, as the amount of available triose phosphate decreases, 
the rate of pyruvate removal also decreases. . 

That glycolysis proceeds at a maximum rate in defibrinated and 
heparinized bloods is suggested by our observation that the addi- 
tion of pyruvate to such bloods inhibited both glucose removal and 
lactate formation. The failure of Harris and Elgart (7) to demon- 
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strate a conversion to lactate of pyruvate added to blood cells is 
explicable, as in their experiments neither fluoride nor oxalate was 
used. Therefore the addition of pyruvate to the blood cells had 
an inhibiting effect on the lactate production from glucose, while 
in the control sample this reaction, proceeded uninhibited (see 
Table III). 

Our demonstration that there is a decrease in the pyruvate con- 
tent of both heparinized and oxalated (2) blood beginning im- 
mediately following withdrawal of the specimen and continuing 
for at least 30 minutes is in disagreement with the statement of 
von Euler et al. (21). This finding indicates again the necessity 
for the immediate addition of iodoacetate to all blood used for the 
determination of its pyruvate content. It is therefore our 
custom, in such work, to withdraw the blood directly into a 
syringe containing the iodoacetate solution (22, 23). 


SUMMARY 


1. Defibrinated, heparinized, citrated, and oxalated human 
bloods remove pyruvate in vitro. 

2. This removal begins immediately upon withdrawal of the 
blood and continues at an increasing rate for the first 30 minutes. 
In heparinized and defibrinated blood there is a subsequent in- 
crease in pyruvate content to above the original value, a phenom- 
enon which has not been observed in oxalated blood. 

3. Pyruvate removal by whole blood is increased by incubation 
with 0.075 m phosphate (optimum pH 7.4) and is unaffected by 
the addition of thiamine, cocarboxylase, and glucose or by the 
oxygen tension of the blood. 

4. In the presence of 2 per cent fluoride, from 83 to 95 per cent 
of the pyruvic acid removed can be recovered as lactic acid. No 
evidence of decarboxylation or of conversion to other carbonyl 
compounds was found. 

5. The enzyme system responsible for the removal of pyruvate 
by blood is heat-labile and is located within the blood cells. A 
heat-stable activator of this enzymatic reaction found in plasma 
appears to be a phosphorylated intermediary of carbohydrate 
catabolism, probably triose phosphate. 

6. The evidence presented indicates an analogy between the 
mechanism for the anaerobic removal of pyruvate in blood and in 
muscle. 
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ON METHYLASPARTIC ACIDS AND THEIR 
METHYLATION 


By H. D. DAKIN 


(From Scarborough-on-Hudson, New York) 


(Received for publication, October 3, 1941) 


a-Methylaspartic acid (I) has long been known, having been 
obtained by Kérner and Menozzi (1) by the hydrolysis of the 
products of heating citraconic, mesaconic, and itaconic esters 
with ammonia. Later on a more convenient synthesis from 
acetoacetic ester and ammonium cyanide was described by 
Zelinsky, Annenkoff, and Kulikoff (2). The isomeric acid, 
B-methylaspartic acid (II), which would seem to possess more 
biological possibilities appears not to have been described. The 
present communication deals with its synthesis and the products 
of methylation of both acids. 


COOH COOH 
en oe CHNH:; 
CH, CH-CH; 
‘ JOH pat 
(I) (II) 


Both of the acids are isomeric with glutamic acid and might 
be designated as isoglutamic acids but, since the name isoglutamine 
has been adopted for the isomer of natural glutamine, such a 
designation might lead to confusion; hence the names a- and 
8-methylaspartic acids seem preferable. $-Methylaspartic acid 
was prepared by a method analogous to that devised by Dunn, 
Smart, Redemann, and Brown (3) for the synthesis of glutamic 
acid. The sodium derivative of benzoylaminomalonic! diethyl 


1 Schmidt (4) states, ‘In 1931 Dunn and his coworkers described the 
synthesis of glutamic acid from 8-chloropropionic ester and the hitherto 
unknown benzoylaminomalonic ester’’ (italics mine). As a matter of fact 
this benzoyl derivative was prepared and adequately characterized by 
Loequin and Cerchez (5) in 1928. 
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ester was condensed with a-bromopropionic ethyl! ester, and from 
the hydrolysis of the resulting product the desired amino acid was 
obtained in fair yield. No evidence was obtained of the presence 
of more than one of the two theoretically possible inactive isomers. 
8-Methylaspartic acid resembles aspartic acid in most respects 
but differs from both aspartic and a-methylaspartic acids in yield- 
ing a copper salt which is extremely soluble in water. 

The methylation of both a- and 8-methylaspartic acids with 
methyl sulfate was of interest for a variety of reasons. As is 
well known, aspartic acid is converted virtually quantitatively 
into fumaric acid on methylation and this reaction, in the writer’s 
opinion, offers the best available method for the estimation and 
detection of aspartic acid. Both methylaspartic acids on methyla- 
tion under mild conditions as regards temperature and alkalinity 
gave approximately 70 per cent of the theoretical yield of pure 
mesaconic acid free from isomers, together with tetramethy]- 
ammonium sulfate. In addition each acid gave a base precipitated 
by phosphotungstic acid, which was unstable in the presence of 
excess of barium hydroxide used to decompose the precipitate. 
From this phosphotungstate precipitate an additional amount 
of mesaconic acid approaching 30 per cent of the theoretical 
amount was obtained in each case, together with trimethylamine. 
It would appear that the substances precipitated by phospho- 
tungstic acid are the betaines of the respective methylaspartic 
acids and that they readily undergo typical decomposition with 


alkali. 


COOH CO—O 

| mae 

CHNH, CH—N(CHs)s HOOC-C-H 

| —> | > a N(CHs); 
CH-CH; CH-CH; CH;—C—-COOH 

| 

COOH COOH 


The possibility that a methylaspartic acid might occur among 
the products of protein hydrolysis has often been considered. 
The foregoing methylation experiments appear to offer an op- 
portunity to decide the question, since it should not be very diffi- 
cult to detect significant amounts of mesaconic acid in admixture 
with the fumaric acid derived from natural aspartic acid. With 
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this end in view casein was hydrolyzed with dilute sulfuric acid 
and the acid removed with barium hydroxide in the usual fashion. 
On methylation of aliquot parts of the hydrolysate with excess of 
methyl sulfate and sodium hydroxide and subsequent extraction 
of the dibasic acids with ether, it was found that fumarie acid 
corresponding to 4.70 to 4.93 per cent of aspartic acid was ob- 
tained. The fumaric acid was weighed in the form of clean dry 
crystalline material and on fractional crystallization each crop, 
including the last minute amount from the mother liquors, melted 
at 287-288° in a closed capillary tube. It is concluded, therefore, 
that no mesaconic acid was present and that methylaspartic 
acids are not present among the products of casein hydrolysis. 

In view of the fact that 8-methylaspartic acid was found to 
yield a very soluble copper salt, a large amount of the crude 
dibasic acids from casein, obtained by twice precipitating the 
barium salts with alcohol, was converted into the copper salts 
and the soluble fraction separated. On removal of copper and 
subsequent methylation the only product in the ether extract was 
a little fumarie acid derived from aspartic acid. 

The yield of fumarie acid obtained from hydrolyzed casein, as 
already stated, was equivalent to 4.70 to 4.93 per cent of aspartic 
acid. This result may be compared with 3.5 to 4.1 per cent of 
aspartic acid obtained by actual isolation of the acid as copper 
salt (6). In view of all the inherent difficulties attending isola- 
tion the two sets of figures appear reasonably concordant. 


EXPERIMENTAL 


8-Methylaspartic Acid—Benzoylaminomalonic diethyl ester (42 
gm.) was dissolved in 80 cc. of absolute alcohol. To this was added 
a cooled solution of 4.0 gm. of sodium dissolved in 75 ee. of alcohol. 
The sodium salt of the ester promptly separated out. An excess 
of ethyl a-bromopropionate (40 gm.) was then added and the 
mixture boiled under a reflux for about 7 hours, when the reaction 
had become neutral. Alcohol was distilled off, water added, and 
the esters taken up in ether which was subsequently removed under 
diminished pressure. Hydrolysis was effected by 20 hours boiling 
with concentrated hydrochloric acid (150 ec.) and water (50 ec.). 
After cooling, benzoic acid was filtered off and the residual solution 
concentrated under diminished pressure. After addition of water 
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the evaporation was twice repeated to remove as much hydro- 
chloric acid as possible. The residue was dissolved in 100 ce. of 
absolute alcohol, and to the clear solution aniline was added until 
Congo red paper was no longer turned blue. The crude acid 
that separated was filtered off and washed with alcohol and then 
recrystallized from boiling water in which it is only moderately 
soluble. The yield of acid was 10 gm. The substance crystallized 
in thick, hard, transparent hexagonal prisms and shows a marked 
tendency to form coherent crusts. It melts at 274—275° (uncor- 
rected) with effervescence. 


Analysis—Calculated. C 40.8, H 6.12, N 9.52 
Found. ** 40.8, “* 6.26, ‘‘ 9.54, amino N 9.60 


50 mg. of the acid required 3.40 cc. of 0.1 N sodium hydroxide to 
give a faint pink color with phenolphthalein as indicator. This 
corresponds exactly with the calculated molecular weight 
of 147. 

The copper salt was prepared by boiling an aqueous solution 
with excess of copper carbonate for 20 minutes. When filtered 
and slowly concentrated, no crystals separated, even on long 
standing. The salt is readily precipitated by alcohol, in which it 
is virtually insoluble, as a light blue powder which readily dis- 
solves in water. Analysis showed it to be of normal composition 
(Cu = 29.9 per cent, calculated 30.5). When 8-methylaspartic 
acid was heated with zine dust, the vapors gave a strong pyrrole 
reaction but in the absence of zine dust the reaction is practically 
negative. 

a-Methylaspartic Acid—The acid was prepared by hydrolyzing 
with barium hydroxide solution the fractionated ester prepared 
from acetoacetic ester and ammonium cyanide according to 
Zelinsky’s method. The properties of the substance agreed with 
those previously recorded. 

Methylation of a- and B-Methylaspartic Acids—Since the results 
were virtually identical in the case of the two acids, they may be 
considered together. Methylaspartic acid (1 gm.) was neutral- 
ized with 5 cc. of sodium hydroxide and then 6 ec. of methyl 
sulfate and 6 cc. of 33 per cent sodium hydroxide were added in 
eight divided portions in the course of 1 hour. The mixture was 





























H. D. Dakin 949 


allowed to stand for 2 hours, when the reaction had become feebly 
acid. Sulfuric acid was then added and the solution extracted 
with ether in a continuous extractor for 3 hours. On evaporation 
of the ether extract 0.55 gm. of pure mesaconic acid, melting at 
202°, was obtained from the a acid and 0.58 gm. from the 8 
acid. 


Calculated, C 46.2, H 4.62; found, C 46.1, H 4.66 


On addition of concentrated perchloric acid (1 ce.) to the ex- 
tracted fluids, 0.45 gm. of well crystalline tetramethylammonium 
perchlorate was obtained from the @ acid and 0.51 gm. from the 
8 acid. The filtrates from the perchlorates were diluted and pre- 
cipitated with phosphotungstic acid. The precipitate was dis- 
solved in aqueous acetone, decomposed with excess of barium 
hydroxide, filtered, and at once acidified with hydrochloric acid. 
Barium was then quantitatively removed and the filtrate concen- 
trated to small bulk and set aside to crystallize. From the a 
acid 0.21 gm. of additional mesaconic acid, m.p. 202°, was ob- 
tained, while the 8 acid gave 0.31 gm. When platinic chloride was 
added to the filtrates from the second crops of mesaconic acid, the 
chloroplatinate of trimethylamine, decomposing at 240—243°, 
was obtained from each acid. Platinum 36.8, 36.7 per cent; 
calculated 36.9 per cent. 


SUMMARY 


The synthesis of 8-methylaspartic acid is described. Both 
a- and $-methylaspartic acids on methylation under prescribed 
conditions yield about 70 per cent of the theoretical amount of 
mesaconic acid, together with tetramethylammonium sulfate. 
The betaines of the two acids may be obtained on precipitation 
with phosphotungstic acid but on decomposition with barium 
hydroxide are decomposed with the formation of additional 
mesaconic acid, amounting to almost 30 per cent of the theoretical 
amount, and trimethylamine. 

Hydrolyzed casein on methylation gives fumaric acid equivalent 
to 4.7 to 4.93 per cent of aspartic acid. No mesaconic acid could 
be detected and it is concluded that neither a- nor 8-methylaspartic 
acid is among the amino acids derived from casein. 
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XV. THE RATES OF REDUCTION OF THIAMINE AND 
DIPHOSPHOTHIAMINE 
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(From the Lasker Foundation for Medical Research and the Department of 
Medicine of the University of Chicago, Chicago) 


(Received for publication, June 30, 1941) 


Since the discovery of the chemical constitution of cocarboxylase 
(diphosphothiamine) by Lohmann and Schuster (1) numerous at- 
tempts have been made to explain the mechanism of diphospho- 
thiamine action. The existence in its molecule of a quaternary 
nitrogen atom in a position comparable to its position in the diphos- 
phopyridine nucleotides led some investigators to the belief that 
diphosphothiamine acts as a sluggish oxidation-reduction system 
(2). Weil-Malherbe (3) revived Langenbeck’s hypothesis (4), and 
suggested that the first step of catalysis was the formation of a 
Schiff base followed by intramolecular oxidation-reduction. Weil- 
Malherbe’s suggestion is not in agreement with the observations of 
Stern and Melnick (5). Recently Zinna and Williams (6) have 
suggested that thiamine is the reduced form of the active disulfide 
component; the fact that such a disulfide compound has 60 to 70 
per cent activity (as compared with thiamine) in tests with pigeons 
is no proof of their contention, for the disulfide may be reduced in 
the animal tissues to thiamine and the thiamine phosphorylated, 
thus giving diphosphothiamine, the active component. The ex- 
periments reported in this paper on the rates of reduction of thi- 
amine and diphosphothiamine are presented as evidence against the 
opinion that diphosphothiamine, as a component of enzyme sys- 
tems, acts by being reversibly reduced and oxidized. These 
experiments have led us to postulate that the phosphorylated thi- 
amine acts rather as the integral part of the activating protein and 
not as an electron acceptor. 
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EXPERIMENTAL 

The thiamine was generously provided by Merck and Company, 
Inc. Diphosphothiamine was prepared from thiamine, according 
to the method of Weijlard and Tauber (7). The purity of the 
preparation was established by nitrogen and phosphorus analysis. 
The sample used in these experiments had a nitrogen content of 
11.5 per cent (theoretical, 11.71 per cent) and a phosphorus content 
of 12.4 per cent (theoretical, 12.96 per cent). The pyrimidine- 
pyridine compound (2-methyl-3-(a-hydroxyethy])-N-(2-methyl-4- 
aminopyrimidyl-(5)-methyl) pyridine bromide hydrobromide) was 
kindly furnished by Dr. Franz C. Schmelkes. Fresh beer yeast 
was generously furnished by the Keeley Brewing Company of 
Chicago. Colloidal palladium was obtained from Farbenindustrie 
Aktiengesellschaft. Hydrogen and the gas mixtures of N.:CO, 
were freed from oxygen by being passed through a Pyrex tube 1 
meter long filled with copper pellets and heated to 500°. The 
determination of gas uptake or output was made with the usual 
Warburg-Barcroft manometers. 

Rate of Reduction of Thiamine, Diphosphothiamine, and Py- 
rimidine-Pyridine with NagS2O,—Lipmann and Perlmann (8) have 
reported that for each molecule of thiamine reduced with NaS.0,, 
2.75 molecules of CO, were produced in bicarbonate buffer with 
N2:CO, as the gas phase, an indication that the reduction process 
involved only the quaternary nitrogen of the thiazole group. The 
reduction of thiamine, diphosphothiamine, and pyrimidine-pyr- 
idine was determined by the manometric method of Haas (9) in 
bicarbonate buffer, pH 8.0, with N2:CO: as the gas phase. With 
thiamine and diphosphothiamine, the reaction ended with an out- 
put of 590 c.mm. of CO, per 0.01 mM of substance; 7.e., 2.63 moles 
of CO, per mole. With pyrimidine-pyridine, the reaction ended 
with an output of 616 ¢.mm., or 2.75 moles of CO2 per mole. The 
reduction of pyrimidine-pyridine by Na2S2O,, like that of thiamine 
(pyrimidine-thiazole), seems to affect only the pyridine half of the 
molecule. Whether the reduction of pyrimidine-pyridine by 
NaeS2O, is followed by the separation of the molecule into its com- 
ponent parts (pyrimidine and pyridine), as happens in the reduc- 
tion of thiamine (10), is not known. 

The rate of reduction of thiamine was more than 3 times that of 
diphosphothiamine, for in the first case half reduction was reached 
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in 4 minutes, while in the second it required 15 minutes. Half 
reduction of pyrimidine-pyridine required 25 minutes (Table I). 
It has been reported by Schmelkes (11) and by Baumgarten and 
Dornow (12) that this compound has some vitamin B, activity in 
tests with rats and pigeons. 

Reduction with Platinum Black and Colloidal Palladium—There 
are conflicting reports on the extent of red tion of thiamine by 
hydrogen with platinum or palladium as catalyst. According to 
Kuhn and Vetter (13), 1 mole of thiamine in 0.1 m HCl took up 
1.08 moles of He with palladium oxide as catalyst. Lipmann and 


TABLE | 
Reduction of Thiamine, Diphosphothiamine, and Pyrimidine-Pyridine with 
NaS,04, Pt Black, and Colloidal Pd; Comparative Rates of Reduction 
Reduction with NagS,O, was carried out at pH 8.0; with Pt or Pd, at pH 
7.4. Temperature, 38°; amount of substance, 0.01 mm. 


Thiamine Diphospho- Pyrimidine- 
. thiamine pyridine 
CO: CO: CO: 


~ductant _ on: 7: 
Reductan output | Time | output) Time | output) Time 


or He | of half | or He | of half | or He | of half 
uptake’ reduc- uptake reduc- | uptake | reduc- 











per tion per tion per tion 
mole mole | | mole 
moles | min. adie alt moles | min. 
Nad.0, 2.63 4 2.63 15 | 2.80 25 
Pt black, 100 mg. 3.60 16 | 2.84) 42 | 5.60 | 20 
Colloidal Pd, 4 mg. 1.32 14 1.55 | 45 | 2.59 | 23 
or ~~ at 2.90 2.60 


Perlmann reported at pH 8.0 an uptake of 0.92 mole of Hz and at 
pH 10.5 an uptake of 1.07 moles. According to Stern and Mel- 
nick, the amount of hydrogen taken up was not constant. Our 
observations are in agreement with those of Stern and Melnick, 
the amount of H, taken up depending on the amount of catalyst 
used. With large amounts of platinum black or colloidal pal- 
ladium, there was, in the reduction of 1 mole of thiamine by 
platinum, an uptake of 3.6 moles of hydrogen and in the reduction 
by colloidal palladium an uptake of 1.32 moles of hydrogen. In 
the reduction of diphosphothiamine by platinum black there was 
an uptake of 2.84 moles of H2 and by colloidal palladium an uptake 
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of 1.55 moles of H, (Table I). With smaller amounts of catalyst 
the hydrogen uptake stopped before these figures were reached, as 
in the experiments of Stern and Melnick. 

This lack of consistency in the extent of reduction of thiamine 
and diphosphothiamine may be due to the formation of a com- 
pound between platinum and the sulfur group of thiamine with 
concomitant loss or impairment of catalytic power. In fact, the 
catalytic decomposition of H,O, by bright platinum was com- 
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Fig. 1. H,O, decomposition by bright platinum. pH 7.4; temperature 
28°. Inhibiting effect of diphosphothiamine. Curve 1, control; Curve 2, 
diphosphothiamine (0.001 m). Abscissa, time in minutes; ordinate, O, 
output in ¢.mm. 

Fig. 2. Oxidation of reduced thiamine and diphosphothiamine with 
histidine-ferriprotoporphyrin. Abscissa, time in minutes; ordinate, O, 
uptake in c.mm., pH 7.4; temperature 38°. Curve 1, thiamine; Curve 2, 
diphosphothiamine. 


pletely inhibited by 0.001 m diphosphothiamine (Fig. 1). The 
substitution of the thiazole group of vitamin B, for the pyridine 
group, as in pyrimidine-pyridine, made the compound more easily 
affected by colloidal palladium and platinum black. On reduction 
of pyrimidine-pyridine by colloidal palladium (4 mg.) the uptake of 
hydrogen stopped when 2.59 moles were taken up per mole of py- 
rimidine-pyridine; with platinum black reduction of the compound 
was more extensive, for there was an uptake of 5.6 moles of hy- 
drogen per mole. 
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As in the reduction with NaeS.O,, the rate of reduction of thi- 
amine with either Pt black or colloidal Pd was about 3 times as 
great as that of diphosphothiamine. 0.015 mm of thiamine re- 
duced with colloidal Pd and H, took up 0.5 mole of He in 16 
minutes, while diphosphothiamine took up an equivalent amount 
of Hz in 42 minutes. Under similar conditions, pyrimidine-pyr- 
idine required 23 minutes with colloidal Pd, and 20 minutes with 
Pt black (Table I). 

Reoxidation of Reduced Thiamine and Diphosphothiamine—Re- 
duced thiamine and diphosphothiamine are not oxidized by at- 
mospheric oxygen. They were slowly oxidized (pH 7.63) by 
histidine-ferriprotoporphyrin. Whether reduced by NaeS2OQ,, by 
platinum, or by palladium, the rate of reoxidation of diphospho- 
thiamine was lower than that of thiamine (Fig. 2). Neither 
reduced thiamine nor diphosphothiamine was oxidized by the 
alloxazine dinucleotide prepared according to Warburg and Chris- 
tian (14) and active in the oxidation of pyruvate by Lipmann’s 
acetone preparation from Bacillus delbriickit. 

Neither reduced diphosphothiamine nor the reoxidized com- 
pound (reoxidized with histidine-ferriprotoporphyrin) had cocar- 
boxylase activity when added to alkaline washed yeast or coenzyme 
activity for the oxidation of pyruvate by the acetone powder of 
Bacillus delbriickii. (No data on these experiments are given, 
because the results are in agreement with those published by Stern 
and Melnick (15).) 

Numerous attempts to reduce thiamine and diphosphothiamine 
at pH 7.4 with reduced methyl] viologen (with an EF’, close to that 
of hydrogen (16)) and with rosinduline GG (£’, —0.305 volt (17)) 
were unsuccessful. Chromous acetate also failed to reduce either 
compound. 

All these experiments show that thiamine becomes more resistant 
to the action of oxidizing and reducing agents after phosphoryla- 
tion, and are an indication that the action of diphosphothiamine as 
a component of enzyme systems is not the result of reversible oxida- 
tion and reduction. 


SUMMARY 


Thiamine becomes on phosphorylation to diphosphothiamine 
more resistant to the action of oxidizing and reducing agents; thus 
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the rate of reduction of thiamine with Na2S.0,, colloidal palladium, 
and platinum black is about 3 times as fast as the rate of reduction 
of diphosphothiamine. The rate of reoxidation of reduced thi- 
amine is also faster than that of diphosphothiamine. 

Neither reduced diphosphothiamine nor reduced diphospho- 
thiamine reoxidized by histidine-ferriprotoporphyrin showed ac- 
tivity as the vitamin or enzyme component. 

It is concluded from these experiments that diphosphothiamine 
acts as a component of enzyme systems by forming an integral part 
of the activating protein. 
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In Paper XV (1) it has been shown that thiamine becomes on 
phosphorylation to diphosphothiamine more resistant to the action 
of oxidizing and reducing agents, a fact which is contrary to the 
opinion that phosphorylated thiamine acts, in its enzymatic ac- 
tivity, as a sluggish reversible oxidation-reduction system, An 
explanation of the functions of diphosphothiamine must, therefore, 
take into consideration those experiments. The fact that diphos- 
phothiamine is a component of the enzyme systems which decar- 
boxylate a-ketocarboxylic acids, which oxidize pyruvate, and 
which dismute pyruvate must also be considered. Such multiple’ 
catalytic functions suggest the possibility that diphosphothiamine 
acts by forming an integral part of the activating protein of the 
enzyme systems concerned with the activation of pyruvate. Once 
pyruvate is activated, it may react with catalysts for its oxidation, 
dismutation, decarboxylation, carboxylation, or condensation. 
This hypothesis need not postulate reversible oxidation-reduction ; 
it predicts, on the other hand, more catalytic functions for the vita- 
min than those hitherto known, a prediction quite in harmony 
with the profound metabolic disorders found in animals suffering 
from thiamine deficiency. The validity of this hypothesis was 
tested in experiments with the tissues of thiamine-deficient rats 
and chickens by observing the effect of thiamine on the biologi- 
cally important reactions in which pyruvate is one of the reactants; 
namely, the condensation reactions. In this paper experiments are 
presented which show that thiamine, probably as diphospho- 
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thiamine, accelerated the following condensation reactions, the 
synthesis of carbohydrate, of a-ketoglutarate, of citrate, of aceto- 
acetate, and of succinate. Furthermore, experiments are pre- 
sented showing for the first time that thiamine accelerates the 
oxygen consumption of skeletal muscle of avitaminotic rats in the 
presence of pyruvate. The réle of thiamine in cellular metabolism 
becomes thus one of primary importance. 


EXPERIMENTAL 


For the experiments with animal tissues, young rats reared at 
the laboratory and young white Leghorn chickens were used. 
The rats were fed the diet recommended by Ammerman and Water- 
man (2), the casein in this diet being vitamin-free casein instead of 
technical casein. The chickens were fed the diet of Elvehjem (3). 
The control animals were fed the same diets plus thiamine. In 
experiments in which chemical analyses were made, the excised 
tissues (sliced or ground) were placed in special wide mouthed 
Pyrex flasks which communicated with each other through glass 
tubing, the two ends being provided with stop-cocks through which 
rapid saturation with the chosen gas mixtures was effected. These 
batteries of vessels were shaken at 38°. The blood “‘pyruvate” 
was determined colorimetrically with the Pulfrich photometer by 
the method of Lu (4); pyruvate in the tissue suspensions was de- 
termined manometrically by a modification of the carboxylase 
method which will be described in a later paper. Succinate was 
determined manometrically by measuring oxygen consumption 
during oxidation to fumarate with thoroughly washed pigeon mus- 
cle suspensions in the presence of cresyl blue as oxidizing catalyst. 
Fine suspensions of muscle were prepared by chopping small pieces 
of breast muscle for 10 minutes in a Waring electric mixer with 150 
ec. of water and an equal volume of ice. The suspension was 
centrifuged for 30 minutes in a room at 3°, the supernatant fluid 
was poured off, and the paste poured into the mixer, where it was 
washed once more with ice and water. After 30 minutes centrif- 
ugation, the supernatant fluid was poured off and the paste sus- 
pended in 3 volumes of 0.03 m phosphate, pH 7.4. 0.8 cc. of this 
suspension was used for each determination. a-Ketoglutarate 
was determined as succinate after its oxidation with permanganate 
(5). Citrate was determined colorimetrically by the method of 
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Pucher et al. (6). Alanine was determined as lactic acid by a 
modification of Kendall and Friedemann’s method (7) which will 
be described in a separate communication. Acetoacetate was de- 
termined manometrically by decarboxylation with aniline citrate 
at 38° (8). Carbohydrates were determined according to the 
procedure used by Lyman and Barron (9). The tissue proteins 
were precipitated with either metaphosphoric acid, trichloroacetic 
acid, or tungstate, depending upon the analysis to be made. In 
experiments with tissue slices the buffers were Ringer-phosphate 
or Ringer-bicarbonate, the Ringer’s solution being modified from 
that of Hastings et al. (10). (The concentration of phosphate 
buffer in the Ringer’s solution was 0.01 m, instead of 0.005 m as 
used by Hastings.) With tissue chopped or minced in a Latapie 
grinder, the Ringer’s solution contained no calcium and the NaCl 
was ().1 M. 

Numerous failures during the first months of this work were due 
to the use of animals in different stages of deficiency. Only with 
animals in the last stages of deficiency was the effect of added 
thiamine in in vitro experiments consistent, the blood “‘pyruvate”’ 
then being from 6 to 13 mg. per cent. Another source of failure 
was the addition of substrate and thiamine simultaneously. In 
order to become an enzyme component, thiamine must first be 
phosphorylated. In all the experiments reported in this paper the 
tissues were incubated with thiamine (50 y) for 30 minutes previous 
to the addition of substrates. 

Synthesis of Carbohydrate—The most important condensation 
reaction of pyruvate is that which ends in the synthesis of carbo- 
hydrate. The rat kidney was chosen to test the effect of thiamine 
on this synthesis because Benoy and Elliott (11) had previously 
found that rat kidney slices incubated in Ringer-bicarbonate with 
O2:COz as the gas phase converted pyruvate into carbohydrate 
determined as glucose. These experiments were performed with 
litter mate rats, half of which were kept on a thiamine-free diet, 
the other half on the same diet plus thiamine. Kidney slices of 
normal rats synthesized 5.52 micromoles of carbohydrate per gm. 
of fresh tissue on addition of pyruvate, and 6.25 micromoles on 
addition of pyruvate plus fumarate. Kidney slices of avitaminotic 
rats synthesized 2.97 micromoles on addition of pyruvate, and 2.77 
micromoles on addition of pyruvate plus fumarate, a decrease of 45 
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and 56 per cent, respectively, from the rates of synthesis found in 
normal rats. The addition of thiamine (50 y) to kidney slices of 
avitaminotic rats restored to normal the rate of carbohydrate syn- 
thesis (Table 1). (The figures given in all these experiments 
represent carbohydrate found at the end of the experiment minus 
the initial carbohydrate.) 

While the réle of thiamine in the synthesis of carbohydrate is 
thus demonstrated, the exact mechanism of the thiamine action is 


TaBLe I 
Effect of Thiamine on Synthesis of Carbohydrate by Kidney Slices (Rat) 
Buffer, Ringer-bicarbonate; gas phase, O.:CO,; pH 7.4; pyruvate con- 
centration, 0.02 m; fumarate, 0.01 M; thiamine (vitamin B;), 50 y; incubation 
time, 3 hours at 38°. 


Carbohydrate formation, micromoles glucose 
per gm. tissue 


State of rat 
Pyruvate | Pyruvate 


Te Pyruvate tts a + 5 
Normal 1.0 5.60 7.00 7.16 
- 1.11 6.07 6.90 6.68 
ze 1.39 4.89 4.85 4.89 
Thiamine-deficient 1.55 3.27 2.50 5.06 
- 2.11 4.33 4.05 7.66 
” 1.55 2.83 3.61 9.70 
- 0.89 2.00 5.11 
we 0.94 1.45 1.73 5.40 
Average normal 1.17 5.52 6.25 6.24 
**  thiamine-deficient 1.41 2.97 2.77 6.59 


still unsolved. Under the conditions of these experiments (tissue 
slices in Ringer-bicarbonate) synthesis did not take place in the 
absence of oxygen, nor in the presence of fluoride. Addition of 
fumarate in a ratio of 10 pyruvate to 1 fumarate increased the rate 
of synthesis slightly (11 per cent), further increase of fumarate con- 
centration having no effect (Table II). On the basis of these ex- 
periments Barron and Lyman (12) postulated that synthesis of 
carbohydrate might start with an oxidative condensation of pyru- 
vate and fumarate to give phosphopyruvate. 
Pyruvate + fumarate + H,;PO, + 30, — phosphopyruvate 
+ 4CO, + 2H,0 dU) 


























Barron, Lyman, Lipton, and Goldinger 961 


Thiamine would catalyze this condensation. However, numerous 
experiments in which kidney (chopped and in slices) and muscle 
(chopped skeletal muscle) were incubated with pyruvate in the 
presence of fluoride failed to show phosphopyruvate formation. 
If experimental confirmation is obtained for Lipmann’s interesting 
suggestion (13) that phosphopyruvate may be formed by decar- 
boxylation of phosphooxalacetic acid, 

CHCOOH CH, 

! ~ao (2) 

CO(PO;H,) COOH CO(PO;H.)COOH + CO, 


the effect of thiamine may be exerted either in the synthesis of 
phosphooxalacetic acid (carboxylation) or in its decarboxylation. 


TaBie II 
Effect of Fumarate on Synthesis of Carbohydrate and Citrate from 
Pyruvate by Kidney Slices (Rat) 
Carbohydrate synthesis took place in 3 hours; citrate synthesis, in 30 
minutes. The figures represent micromoles per gm. of fresh tissue. 





Substrates Glucose Citrate 

I ss in own dase Ss pe Palole mk ean sbi Gee ae wane 1.11 0 
a EF eee ee ee 3.78 0.14 
” +- fumarate (0.008 m)...............6: 4.18 2.64 
- + "4 ORME © Weds sre dehas eee 3.73 3.05 
- > ™ GOW F Micitccowtanc cae 3.05 2.48 


Once phosphopyruvate is formed, the synthesis of carbohydrate 
proceeds through the same steps as those found in its degradation, 
since all the remaining reactions are reversible. 

Synthesis of a-Ketoglutarate—To test the effect of thiamine on 
the synthesis of a-ketoglutarate from pyruvate, the liver was 
chosen, because this tissue readily produces a-ketoglutarate, as 
demonstrated by Evans (14). Addition of thiamine accelerated 
the synthesis of a-ketoglutarate by liver slices of avitaminotic 
animals (rats and chickens). In Ringer-phosphate with O:, as 
the gas phase, in the presence of 0.04 m pyruvate and /-mal- 
ate, and after incubation at 38° for 30 minutes, there was an 
average of 2.65 micromoles of a-ketoglutarate formed by the liver 
of avitaminotic rats, and 0.87 micromole by the liver of avitamino- 
tic chickens. In the presence of thiamine these figures rose to 3.17 








962 Condensation Reactions of Pyruvate 


and 1.36 micromoles, respectively (Table III). Since in these 
experiments the malate concentration was equivalent to that of 
pyruvate, the thiamine effect was not due to increased carboxyla- 
tion of pyruvate to oxalacetate. The mechanism of a-keto- 
glutarate formation is still unknown. However, any hypothesis 


TaBLe III 


Effect of Thiamine on Synthesis of a-Ketoglutarate from Pyruvate by Liver of 
Thiamine-Deficient Animals 


Concentration of pyruvate and /-malate, 0.04 mM; thiamine (vitamin 
B,), 50 y; incubation time, 30 minutes. 


Ketoglutarate synthesis, micromoles 
per gm. tissue 
Liver (vitamin B:-deficient 


Pyruvate + m 
Pyruvate + malate : + malate 


31 

Rat. ... 3.50 3.92 
or 5 2.37 2.95 
7. ; Ahir 2.08 2.63 
Chicken 0.87 1.36 


explaining the mechanism must agree with two recent observations, 
(1) that CO, takes part in the synthesis (15), (2) that citric acid is 


COOH 
! 
| 
COOH CO 
COOH | 
CH CH; 
. —H.O . oa OQ. 
, —"s a 
C—COOH C—COoOoH ”™ 
CHs | 
OH CH 
COOH 
(3) 
COOH COOH COOH 
| | | 
CH, CH, CH, 
HO | a | 
C—COOH 7="—+ HC—COOH ——+ HCH + CO: 
Tt | 
CH HOCH OC 
| 


| 


| | 
COOH COOH COOH 
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not an intermediate in the synthesis (16). To avoid the citric acid 
steps, Wood et al. (16) go back to one of the schemes postulated by 
Krebs (17), according to which the condensation of pyruvate and 
enoloxalacetic acid would give oxalomesaconic acid, which by 
oxidative decarboxylation would form cis-aconitie acid (Reaction 
3). Aconitase seems to form two different isomeric compounds, 
citric and isocitric acids, through addition of water to a dou- 
ble bond. 

Citric acid — cis-aconitic acid — isocitric acid (4) 


At equilibrium there is 16 per cent of isocitric acid, 4 per cent of 
cis-aconitic acid, and 80 per cent of citric acid (18, 19). The 
synthesis of a-ketoglutarate would depend then on the rate of 
condensation of pyruvate and oxalacetate, and on the value of the 
equilibrium constants for the reactions catalyzed by aconitase, for 
a deviation of the equilibrium towards the left side of the reversible 
reactions (citrate formation) would result in a diminished a-keto- 
glutarate formation. 

Synthesis of Citrate—In Ringer-phosphate, aerobically, chopped 
heart of normal rats produced 0.14 micromole of citrate in 30 min- 
utes in the presence of 0.02 m pyruvate; on addition of 0.002 m 
fumarate it produced 19 times as much, 2.64 micromoles. There 
was a further increase in citrate formation when the ratio of pyru- 
vate to fumarate became 2:1. It diminished when the ratio was 
1:1 (Table II). To test the effect of thiamine on the formation 
of citrate from pyruvate, the latter ratio of pyruvate to fumarate 
was used. In Table IV are given the results of experiments per- 
formed with litter mate rats. The chopped heart of normal rats 
produced about 1.65 micromoles of citrate per gm. of tissue, and 
1.68 micromoles on addition of thiamine. The heart of thiamine- 
deficient rats produced 0.67 micromole of citrate, a decrease of 57 
per cent from the normal rate under the conditions of the experi- 
ment, and 0.71 micromole on addition of thiamine. Chopped 
brain of normal rats produced 0.407 micromole of citrate and that 
of deficient rats 0.369 micromole, addition of thiamine increasing 
these amounts very little (0.416 micromole with normal rats and 
(0.386 with deficient rats). Kidney slices of thiamine-deficient rats 
formed 0.313 micromole of citrate, and on addition of thiamine 
0.424 micromole, an increase of 35 per cent. The réle of thiamine 
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in the synthesis of citrate has also been demonstrated in experi- 
ments in vivo with rats by Sober, Lipton, and Elvehjem (20). The 


TaBLe IV 
Effect of Thiamine on Synthesis of Citrate by Rat Tissues 
Buffer, Ringer-phosphate; O, as gas phase; pH 7.4; concentration of 
pyruvate, and of fumarate or malate, 0.0446 m; thiamine (vitamin B)), 
50 y; incubation time, 30 minutes. 


Citrate synthesis, micromoles 
per gm. tissue 


Tissue 
Pyruvate + Pyruvate + 
malate malate + B, 
Chopped heart, normal 1.38 1.44 
- " " 2.28 2.12 
x - . sintbie 1.56 1.61 
" aia 7 i 1.37 1.56 
_ ‘** deficient 0.68 0.85 
- - ; 1.11 1.19 
Bi “ig - es 0.68 0.57 
- ”- “3 : 0.40 0.45 
" “ “ 0.47 0.486 
Kidney slices, 0.29 0.365 
sa " “ 0.24 0.375 
- - " 0.448 0.60 
= = ” 0.276 0.36 
“ a 0.310 0.42 
Chopped brain, normal 0.395 0.448 
4s . o 0.550 0.563 
~ “: a 0.485 0.440 
- ni: = 0.200 0.214 
” ” deficient 0.571 0.570 
as = = 0.336 0.385 
” - =- 0.280 0.297 
os - _ 0.287 0.292 
Averages 
Heart, normal 1.65 1.68 
‘* deficient 0.67 0.71 
Kidney, “ 0.313 0.424 
Brain, normal 0.407 0.416 
‘* deficient 0.369 0.386 


urinary excretion of citric acid, somewhat lower in polyneuritic 
rats, rose after the administration of thiamine. 
Synthesis of Succinate—The formation of succinate from pyru- 
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vate by the kidney was demonstrated by Elliott and Greig (21). 
The effect of thiamine on the synthesis of succinate by kidney 
slices of avitaminotic rats was studied by inhibiting the oxidation 
of succinate with 0.02 mM malonate. Kidney slices were incubated 
aerobically in Ringer-phosphate containing 0.02 m pyruvate, 
fumarate, and malonate (Table V). Under these conditions there 
was in the presence of thiamine an increase in the oxygen uptake, 
in the utilization of pyruvate, and in the formation of succinate. 
Synthesis of Acetoacetate—To test the effect of thiamine on the 
synthesis of acetoacetate from pyruvate, the liver was chosen. A 
great species difference in the rate of acetoacetate formation was 


TABLE V 
Effect of Thiamine on Utilization of Pyruvate and on Synthesis of Succinate 
by Kidney of Thiamine-Deficient Rats 
Buffer, Ringer-phosphate; the buffer contained 0.02 M_ pyruvate, 
0.02 m fumarate, and 0.02 m malonate. ‘The figures represent ¢.mm. per 
100 mg. of wet weight. 
r | mw | mi] w 


120 130 | «120 | 190 


Experiment No 


Time of incubation, min.. 


O, uptake, control 527 901 | 623 | 818 





= © ” + 50 y thiamine .. (644 1071 | 726 | 992 

Pyruvate used, control mo  Laely hy ? 492 | 546 | 422 
” « “« + 50 y thiamine....... ? 626 805 501 
Succinate formed, control 4 see eeel 65.4 138 151 ? 
- = ‘* + 50 y thiamine 96.0 186 | 174 ? 


found, avian liver producing large amounts while rat liver produced 
very little. Furthermore, while acetoacetate formation was read- 
ily observed in ground avian liver, rat liver produced none when 
subjected to similar treatment (Table VI). The experiments with 
rat liver were consequently performed with slices, while those with 
avian liver were performed with ground tissue. Avian liver, sus- 
pended in ice-cold 0.9 per cent NaCl, was crushed in the homo- 
genizer of Potter and Elvehjem (22). The suspension was centri- 
fuged at 3000 r.p.m. for 5 minutes, the supernatant fluid was 
discarded, and the precipitate resuspended in 50 volumes of ice-cold 
NaCl solution and centrifuged again. The precipitate was resus- 
pended in ice-cold 0.05 m sodium phosphate buffer, pH 7.4 (2 
volumes of buffer per gm. of fresh liver). 1 cc. of this suspension 
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was added to the Warburg vessels, which already contained 0.6 ec. 
of 0.4 m NaCl, 0.1 ec. of a mixture of MgCl, and MnSQ, (0.01 m), 
0.2 ce. of lithium pyruvate to make the solution 0.007 M, and water 
to 2 cc. Since suspensions of this kind do not phosphorylate 
thiamine, 50 y of diphosphothiamine were added for the vitamin 
effect. Acetoacetate formation by the liver of avitaminotic ani- 
mals (chicken and rat) was distinctly low as compared with its 
formation by the liver of normal animals; while the liver of control 
chickens produced 0.36 micromole of acetoacetate per 100 mg. of 


TaBLe VI 
Effect of Thiamine on Synthesis of Acetoacetate from Pyruvate by Liver 
Pyruvate concentration, 0.007 m; amount of thiamine (vitamin B,), 
50 y; incubation time, 90 minutes. The figures represent micromoles per 
100 mg. of fresh tissue for the liver of the chicken, per mg. of dry weight for 
the liver of the rat. 





O: uptake “ ae 
Tissue = 7 
Control Pyruvate Pyruvate No Thiamine 
¢ + Bi thiamine 
Pigeon liver, ground, normal 0.143 | 0.98 0.470 
Chicken liver, ground 
Normal e 0.058 | 1.17 0.36 
B,-deficient 0.056 | 0.335 | 0.465 0.079 | 0.134 
a 0.046 0.085 | 0.160 | 0.029 0.062 
si 0.089 | 0.152 | 0.201 | 0.032 0.047 
” 0.053 | 0.06 0.070 | 0.023 0.036 
Rat liver, slices 
Normal 0.062 | 0.077 0.005 
” + NH,CIl, 0.04 u | 0.067 0.025 
B,-deficient + NH,Cl 0.049 | 0.050 | 0.057 | 0.0083 0.0085 


fresh tissue in 90 minutes, the liver of avitaminotic chickens pro- 
duced an average of 0.04 micromole, only one-tenth as much. On 
addition of diphosphothiamine, the acetoacetate formation (aver- 
age) was 0.07 micromole, an increase of 73 per cent; there was also 
an increase of tl per cent in the oxygen consumption. Krebs and 
Eggleston (23) have also reported an increased acetoacetate syn- 
thesis by the avitaminotiec pigeon liver on addition of thiamine. 
The synthesis of acetoacetate from pyruvate seems to require the 
condensation of 2 molecules of pyruvate to acetopyruvate and the 
oxidative decarboxylation of acetopyruvate to acetoacetate (24). 
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2 pyruvate + 40, ——> CH;COCH,COCOOH + CO, } (5) 
CH,COCH;COCOOH + 40; ——> CH,COCH,COOH + CO, 


Thiamine may act by catalyzing either the condensation reaction 
or the oxidative decarboxylation of acetopyruvate. 

Effect of Thiamine on Transamination by Liver of Avitaminotic 
Rats—Braunstein and his coworkers (25) and Cohen (26) have 
studied extensively the reversible reaction between pyruvate and 
l(+)-glutamate with formation of alanine and a-ketoglutarate. 


CH,;COCOOH + HOOCCOCH,CHNH,COOH = CH,;CHNH,COOH 
+ HOOCCOCH,CH,COOH (6) 


The reaction is catalyzed by transaminase, an enzyme system 
of as yet unknown components. Experiments performed with 
the liver of avitaminotic rats have shown that thiamine is not a 
component of transaminase. In these experiments chopped liver 
was incubated, with Nez as the gas phase, in the presence of 
pyruvate and /(+)-glutamate (0.03 m). At the end of 40 minutes, 
the proteins were precipitated, and alanine was deaminated to 
lactate, which was extracted with ether for 3 hours and deter- 
mined with the method of Friedemarin and Graeser (27). The 
liver of avitaminotic rats produced 0.228 micromole of alanine 
per gm. of liver; on addition of thiamine it produced 0.230 micro- 
mole. However, in one experiment there was an increase of 34 
per cent on addition of thiamine. One objection to these experi- 
ments is that the time of incubation was too long (40 minutes), 
for Cohen (26) has recently shown that equilibrium is reached 
very quickly. 

Thiamine As Catalyst for Carborylation of Pyruvate—It has been 
postulated by Krebs and Eggleston (23) that the only réle of 
thiamine is that of catalyst for the reaction of Wood and Werkman; 
i.e., the carboxylation of pyruvate to oxalacetate. Condensation 
reactions of pyruvate ought to proceed, therefore, at the same 
rate in avitaminotic tissues when both pyruvate and oxalacetate 
are added. However, the accelerating effect of thiamine on the 
numerous condensation reactions reported here was obtained in 
the presence of pyruvate and oxalacetate (fumarate and malate 
undergo rapid change to oxalacetate). The experiments reported 
in Table VII provide further evidence that the réle of thiamine 
is more complex than that of catalyst for the carboxylation of 
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pyruvate. Kidney slices of avitaminotic rats were incubated for 
150 minutes in the presence of (1) pyruvate, (2) pyruvate plus 
thiamine, (3) pyruvate plus /-malate, and (4) pyruvate plus malate 
plus thiamine. According to the theory of Krebs, the utilization 
of pyruvate in the presence of malate ought to be independent of 
the presence of thiamine, since the product of thiamine catalysis, 
oxalacetate, was already supplied. In the presence of pyruvate 
and malate, the kidney of avitaminotic rats utilized 0.034 micro- 
mole of pyruvate per mg. of dry weight; addition of thiamine 
raised the utilization to 0.223 micromole, a 7-fold increase. Krebs’ 
theory, although attractive for its simplicity, is untenable in the 
light of all the experiments reported here. Thiamine may act 


Taste VII 
Effect of Thiamine on Utilization of Pyruvate in Presence of l(—)-Malate. 
Kidney Slices of Thiamine-Deficient Rat 
Buffer, Ringer-NaHCO;; gas phase, O,:CO,; pH 7.4; concentration of 
pyruvate and /(—)-malate, 0.005 m; thiamine (vitamin B,), 50 y; incubation 
time, 150 minutes. 


Pyruvate utilization, micro- 


Substrates moles per mg. dry weight 
Pyruvate 0.172 
“ + B, 0 303 
a + malate 0.034 
‘“ 4. “ + B, 0.223 


as a catalyst for the Wood and Werkman reaction, but there is as 
yet no experimental evidence for this contention. 

Effect of Thiamine on Respiration of Muscle and Utilization of 
Pyruvate—The increase in the oxygen consumption and pyruvate 
utilization of avitaminotic tissues on addition of thiamine has been 
demonstrated by a number of investigators in the heart muscle, 
brain, kidney, and liver, but all experiments performed with dia- 
phragm or skeletal muscle have been reported as giving negative 
results; z7.e., no increase on thiamine addition. With strips of 
diaphragm from avitaminotic rats in prolonged experiments (5 
hours) it was possible to demonstrate the effect of thiamine on 
muscle, not only on the oxygen consumption but also on the 
utilization of pyruvate. In the experiments reported in Table 
VIII the oxygen consumption was increased significantly only after 

















i —— 





Barron, Lyman, Lipton, and Goldinger 969 


the 3rd hour of incubation, the increase being observed in other 
experiments at the end of the 2nd hour. The increased respira- 
tion was accompanied by an increase in the utilization of pyruvate. 
Similar results were obtained with strips of abdominal muscle. 
The absence of thiamine effect during the Ist hour must_be at- 
tributed to slow penetration and phosphorylation of thiamine, 
for it is only as diphosphothiamine that the vitamin is active as 
the enzyme component. The failure of other investigators to 
detect the vitamin effect in muscle was probably due to either the 
use of thick strips of diaphragm, injury, or short time experi- 
ments.! 


Taste VIII 
Effect of Thiamine on O, Uptake and Pyruvate Utilization by Diaphragm 
of Thiamine-Deficient Rats 
Buffer, Ringer-phosphate, pH 7.4; O, as gas phase; temperature 38°; 
pyruvate concentration, 0.007 M; thiamine, 50 y. 


O: uptake, mg. of dry weight 


Hour Increase 
Control With thiamine 
c.mm c.mm onan 2 
Ist 9.9 8.6 None 
2nd 7.9 8.0 2.0 
3rd 6.7 10.8 31.3 
4th 4.5 12.0 | 166.6 
5th 2.4 12.0 400 
Tissue Pyruvate utilization in 5 hrs. 
Diaphragm 17.2 26.2 52.2 
Rectus 10.0 18.5 85 


DISCUSSION 

The metabolism of pyruvate has attracted considerable atten- 
tion because it is the connecting link between the decomposition 
and the synthesis of foodstuffs that provide the energy for the 
chemical activities of the cell. The extreme reactivity of pyruvate 
(28, 29) makes possible such a réle. These manifold reactions 
in which pyruvate takes part, some of them reversible, some ir- 


1 Proper precautions were taken to avoid the effects of bacterial con- 


tamination. 
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reversible, are catalyzed by a variety of enzyme systems. If we 
leave aside the protein moiety of these enzyme systems, the re- 
versible oxidation-reduction of pyruvate =— lactate is catalyzed 
by diphosphopyridine nucleotide, the reversible amination of 
pyruvate — alanine is catalyzed by flavin dinucleotide, and the 
reversible transamination of pyruvate — 1(+)-glutamate is cata- 
lyzed by an as yet unknown enzyme system which is neither 
pyridine nucleotide nor diphosphothiamine. Diphosphothiamine 
accelerates the following reactions when pyruvate is one of the 
reactants, decarboxylation (30), oxidation (31-33), dismutation 
(31, 33, 34). Quite recently, Silverman and Werkman (35) have 
shown that it takes part in the condensation of pyruvate and its 
subsequent decarboxylation and formation of acetylmethylear- 
binol. All these reactions have the common property of being 
irreversible and of being accompanied by decarboxylation. In 
the experiments reported here, diphosphothiamine has been found 
to accelerate the synthesis of carbohydrate, citrate, a-ketoglu- 
tarate, acetoacetate, and succinate (Table IX). All these reactions 
start as condensation products of pyruvate; in all of them there is 
a step in which an oxidative decarboxylation exists. In the syn- 
thesis of carbohydrate, diphosphothiamine-protein may catalyze 
either the carboxylation of pyruvate-phosphate to phospho- 
enoloxalacetate or the decarboxylation of this compound to phos- 
phoenolpyruvate (Reaction 2). In the synthesis of citrate and 
a-ketoglutarate, diphosphothiamine-protein may act as a con- 
densation enzyme for the condensation of pyruvate with oxal- 
acetate (Reaction 3), since the oxidative decarboxylation of 
oxalomesaconic acid and of a-keto-8-carboxyglutaric acid seems to 
proceed spontaneously. In the synthesis of succinate it may act 
as a condensation enzyme or a carboxylation enzyme, carboxylat- 
ing pyruvate to oxalacetate which would be reduced to succinate 
through malate and fumarate (38). In the synthesis of aceto- 
acetate it may act either as an enzyme for the condensation of 
pyruvate and acetate to acetopyruvate (Reaction 5) or as an oxida- 
tion enzyme for the oxidation of the latter to acetoacetate and 
CO,. Whether diphosphothiamine is the component of a new 
enzyme system, a condensation enzyme as postulated here, or a 
component which acts, after the condensation product has been 
formed, in the oxidative decarboxylation step found in all these 
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reactions cannot be answered from these experiments. An argu- 
ment against the postulated hypothesis is that it complicates the 
function of diphosphothiamine. In fact, Lipmann (13) has sug- 
gested that condensation reactions occur rather with the reaction 
products of pyruvate oxidation, namely acetylphosphate, and 
that thiamine acts therefore only by increasing the formation of 
the reactive acetylphosphate. Unfortunately, all attempts to 
simplify the réle of diphosphothiamine have met with failure, for 
decarboxylation, oxidation, and dismutation of pyruvate, all of 
which are catalyzed by diphosphothiamine, cannot be explained 
as originating from a single reaction. The second alternative sug- 
gestion, that it is a catalyst for the oxidation of the condensation 
products, would seem untenable if oxidative decarboxylations of 
long chain keto compounds occur spontaneously, as maintained 
by many investigators. 

The experiments on oxidation and reduction of thiamine and 
diphosphothiamine show that the chemical passivity of thiamine 
towards oxidation-reduction is considerably strengthened by phos- 
phorylation, while its activity as an enzyme component is mani- 
fested only after phosphorylation. Therefore, diphosphothiamine 
does not act like the other prosthetic groups (pyridine nucleotides, 
flavins) which combine with the activating proteins as an oxida- 
tion-reduction system. Probably, on firmly combining with the 
specific proteins, it becomes an integral part of the activating pro- 
tein of the enzyme systems. 


SUMMARY 


In in vitro experiments with tissues from avitaminotic animals 
it has been found that the addition of thiamine accelerates con- 
densation reactions of pyruvate leading to the synthesis of carbo- 
hydrate, of a-ketoglutarate, of citrate, of acetoacetate, and of 
succinate. The oxygen consumption and the utilization of py- 
ruvate by the diaphragm and the skeletal muscle of avitaminotic 
rats were increased on addition of thiamine. The rdle of thiamine 
in these synthetic processes is discussed. 


We wish to express our thanks to Merck and Company, Inc., 
for a generous grant which allowed the conclusion of these ex- 
periments. 
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a-Ketoglutarate like other a-keto acids is extremely reactive. 
In the presence of oxygen it undergoes an oxidative decarboxyla- 
tion (1, 2); in the absence of oxygen it undergoes dismutation (3), 
reductive amination (4), or transamination (5, 6). Its utilization 
by animal tissues and bacteria has been demonstrated, although 
its réle in the chemical activities of the organized cells is not yet 
understood. The mechanism of its decomposition and the nature 
of the components of the enzyme systems catalyzing such de- 
composition are not yet known. 

From a study of the comparative rates of oxidation of pyruvate 
and a-ketoglutarate by different species of bacteria, Barron and 
Friedemann (7) concluded that the enzyme systems for the oxida- 
tion of these a-keto acids must be different, because some bacteria 
which oxidized pyruvate with great speed did not utilize a-keto- 
glutarate. Since diphosphothiamine is a component of the enzyme 
systems for the oxidation, dismutation, and condensation of 
pyruvate, it was plausible to postulate that it might also be a com- 
ponent of the enzyme systems which act in the oxidation and 
dismutation of a-ketoglutarate. The stimulating effect of 
thiamine upon the oxidation and the utilization of a-ketoglutarate 
by the tissues of avitaminotic rats supports the opinion that 
the enzyme system for the oxidative breakdown of a-ketoglutarate 
contains diphosphothiamine as one of its components. It is 
likely that the dismutation of a-ketoglutarate is also catalyzed by 
diphosphothiamine, because of its similarity to pyruvate dismuta- 
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tion which requires diphosphothiamine. Neither the reductive 
amination nor the transamination is catalyzed by the phos- 
phorylated thiamine. 


EXPERIMENTAL 


The methods and technical details in these experiments were 
similar to those reported on the réle of thiamine in pyruvate metab- 
olism (8). Preliminary experiments showed that if thiamine and 
a-ketoglutarate were added to the tissue at the same time, the 
thiamine effect on a-ketoglutarate oxidation failed to be observed. 
The experiments became reproducible and the thiamine effect 
uniform only when thiamine was incubated with the tissue for 30 
minutes previous to a-ketoglutarate addition, the incubation time 
necessary to allow phosphorylation of thiamine to diphospho- 
thiamine. The use of diphosphothiamine in sliced tissue experi- 
ments is not advisable, because it does not penetrate the cell 
membranes, and because diphosphothiamine dissolved in the 
buffer systems is rapidly dephosphorylated by the tissue phos- 
phatases. To make certain that the tissues were deficient in 
thiamine, only rats in the last stages of avitaminosis were used. 

Since the first step in the oxidation of a-ketoglutarate is the 
formation of succinate (a-ketoglutarate + 40. — succinate + 
CO,), the effect of thiamine on the rate of this oxidation by the 
avitaminotic tissues was studied by inhibiting the further oxidation 
of succinate with large concentrations of malonate. The oxygen 
consumption of tissue slices from avitaminotic rats was measured 
in the presence of 0.03 M malonate, the a-ketoglutarate being added 
30 minutes later. Data for one of these experiments are given in 
Fig. 1, where the oxygen uptake plotted is that measured 30 min- 
utes after addition of malonate and thiamine. Addition of 
thiamine to kidney tissue treated with malonate in the absence of 
substrate produced some increase (28 per cent) in the oxygen con- 
sumption, presumably by accelerating the oxidation of the small 
amounts of pyruvate present or being formed during the metab- 
olism of the tissue carbohydrates. In the presence of a-keto- 
glutarate, thiamine increased the oxygen uptake by 48 per cent. 
The oxidation of a-ketoglutarate by the kidney, liver, and heart 
of avitaminotic rats was also increased on addition of thiamine. 
In chopped brain the effect was very small, 6 per cent increase 
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(Table I). (The failure of thiamine to raise significantly the 
oxygen consumption of pigeon brain in the presence of a-keto- 
glutarate was previously reported by McGovan and Peters (9).) 

Table II shows that the effect of thiamine is directly due to an 
increased utilization of a-ketoglutarate. On addition of thiamine, 
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Fig. 1. Effect of thiamine on the oxidation of a-ketoglutarate by the 
kidney of avitaminotic rats. Abscissa, time in minutes; ordinate, O, 
uptake in c.mm. per 100 mg. of tissue; temperature 38°; pH 7.4. Buffer, 
Ringer-phosphate. Concentration of malonate, 0.03 m; of a-ketoglutarate, 
0.01 m. Thiamine, 50 y. Curve 1, malonate; Curve 2, malonate + thi- 
amine; Curve 3, malonate + ketoglutarate; Curve 4, malonate + keto- 
glutarate + thiamine. 

Fic. 2. Effect of thiamine on the oxidation of citrate by the heart of 
thiamine-deficient rats, average of four experiments. Buffer, Ringer- 
phosphate; temperature 38°. Concentration of citrate, 0.0046 m. Ordi- 
nate, O, uptake, in c.mm. per mg. of dry weight; abscissa, time in minutes. 
Curve 1, control; Curve 2, effect of thiamine (50 y). 


the amount of a-ketoglutarate used by the kidney of avitaminotic 
rats increased from 3.27 micromoles per mg. per hour to 4.75 
micromoles, an increase of 45 per cent. In chopped brain the 
increase was insignificant, in agreement with the observations on 


the oxygen consumption. 
Citrate in the tissue is changed by aconitase into cis-aconitic 
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and isocitric acids, the isocitric acid being oxidized to the cor- 
responding keto acid (a-keto-8-carboxyglutaric acid), which is 


TaBLeE I 
Effect of Thiamine on Oxidation of a-Ketoglutarate by Tissues of 
Thiamine-Deficient Rats 
Concentration of a-ketoglutarate, 0.01 m; concentration of malonate, 
0.03 m; buffer, Ringer-phosphate; pH 7.4. 





O: uptake, per mg. per hr., 


dry weight Increase due 











Tissue — aan to thiamine 
Control With 
thiamine 
c.mm. ¢.mm., per cent 
ide titties un enim eae 6.8 7.8 14.7 
Ee ee ee ee ae 8.1 9.5 17.3 
he Rr 7.2 11.0 52.7 
= 7.4 11.1 50.0 
- 8.4 11.3 34.5 
= 9.8 11.0 10.4 
a 8.4 10.7 27.4 
“e 6.3 8.1 28.5 
Liver 4.4 5.6 27.2 
- eer 4.9 5.5 12.2 
Heart, ventricle 7.3 8.4 15.0 
° re 6.3 12.8 103.0 
Brain, chopped, per 100 mg. 113.5 120.6 6.3 
TABLE II 


Effect of Thiamine on Utilization of a-Ketoglutarate by 
Thiamine-Deficient Tissues (Rat) 
Buffer, Ringer-phosphate; pH 7.4; incubation time, 120 minutes; con- 
centration of a-ketoglutarate, 0.01 mM; thiamine,50 y. The figures represent 
micromoles per mg. of dry tissue. 


a-Ketoglutarate utilization 
Tissue 


Control With thiamine 
Kidney. . See eeennneuaianses 3.60 5.24 
” Tedd cea eee rived se aéceees 2.14 3.01 
hi. sl adisccukesuns ew srn oe cuwel 4.07 6.00 
ee ee ee 1.96 1.97 


unstable and splits off CO, spontaneously to give a-ketoglutaric 
acid (10). The oxidation system contains, according to von Euler 
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et al. (11), an activating protein and triphosphopyridine nucleotide. 
If diphosphothiamine is the prosthetic group of the activating 
protein of a-ketoglutarate oxidase, there should be an increase 
in the oxygen uptake of avitaminotic tissues in the presence of 
citrate upon the addition of thiamine, because of increased oxida- 
tion of the a-ketoglutarate formed from citrate. Experiments with 
the heart (slices) of avitaminotic rats confirmed the validity of 
this assumption. In the presence of citrate, addition of thiamine 
actually increased the oxygen consumption by 50 per cent (Fig. 2). 

Since all these effects were obtained only after an incubation 
period of thiamine with the tissues, it is plausible to postulate that 
diphosphothiamine is one of the components of a-ketoglutarate 
oxidase, for Ochoa (12) has demonstrated that thiamine is phos- 
phorylated by tissues from avitaminotic animals. It has already 
been shown (8) that diphosphothiamine does not act in trans- 
aminations. The réle of thiamine in the dismutation of a-keto- 
glutarate is now being studied. 


SUMMARY 


The oxidation and utilization of a-ketoglutarate by the tissue 
of avitaminotic rats were increased on addition of thiamine. 
Since this effect was observed only when thiamine was previously 
incubated with the tissue to make its phosphorylation possible, 
it is concluded that the activating protein of a-ketoglutarate 
oxidase is, like that of pyruvate oxidase, a diphosphothiamine- 


protein. 
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Since its proposal in 1937 the significance of the citric acid cycle 
in carbohydrate metabolism has been actively discussed by many 
workers. The protagonists for the cycle claim that it is the main 
pathway for carbohydrate metabolism in pigeon breast muscle 
(1), that it plays a significant rédle in the metabolism of pigeon 
liver (2), and that it functions in the metabolism of mammalian 
tissues (3). However, some investigators have questioned the 
importance, and even the existence, of a cycle containing citric 
acid in pigeon breast muscle (4-6). Such a cycle does not appear 
to function in the respiration of pigeon brain (7). One of us re- 
cently reviewed the evidence for and against the citric acid cycle 
(8). Quite recently, Wood et al. (9) employing heavy carbon as a 
tracer have also questioned the formation of citrate in the syn- 
thesis of a-ketoglutarate from pyruvate by liver. 

In the course of other work performed in this laboratory upon 
animal tissues, results were obtained which appeared difficult to 
reconcile with the citric acid cycle. Because the data secured 
might have been due in part to differences between mammalian 
tissues and pigeon breast muscle, we have employed the latter 
tissue in a study of the relative rates of utilization of citrate and 
pyruvate under various conditions. These have been compared 
directly with the rates of oxygen consumption determined as in 
the original experiments of Baumann and Stare (6) which indi- 
cated that citrate differed from the other members of the cycle 
in being a much weaker catalyst, particularly in the presence of 
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malonate. The latter observation has been confirmed by 
Smyth (10). 

Our data show that the conditions required for the existence of 
the citrate cycle are not fulfilled in chopped avian muscle. Ac- 
cordingly, it appears that citric acid is of only minor importance in 
the carbohydrate metabolism of pigeon breast muscle. 


EXPERIMENTAL 


All experiments were performed with minced pigeon breast 
muscle. After decapitation, the breast muscle was rapidly re- 
moved, briefly rinsed with ice water, cooled for a minute between 
ice cubes, and minced in a cold Latapie mincer. The mince was 
collected in a cold Petri dish lined with several layers of filter 
paper moistened with cold physiological saline. The tissue sam- 
ples, approximately 200 mg. of wet weight, were weighed separately 
on cellophane on a torsion balance, the tissue and the cellophane 
placed in the manometric flasks, and the tissue dispersed by means 
of a wire. A Ringer-phosphate buffer free of calcium, pH 7.4, 
was used (11). It was made up in 2 N concentration and diluted 
either with water or supplementary solutions. The contents of 
each vessel totaled 2.8 ml. All supplementary solutions were 
made up fresh for each experiment and were neutralized to pH 7.4. 
The oxygen uptake was measured at 38° in the usual way in a 
Warburg apparatus. At the end of the experiment the contents 
of the manometric vessels were analyzed for citrate and pyruvate, 
although in some series separate samples for analysis were set up 
in Erlenmeyer flasks, with twice the volume and twice the amount 
of tissue as with the manometric vessels. The details of the 
pyruvate and citrate determinations are the same as in Paper XVI 
(12). All results are reported in terms of micromoles per 100 mg. 
of tissue, dry weight. 


Results 


Table I shows the effects of various additions upon the utiliza- 
tion of pyruvate. In unsupplemented muscle, pyruvate utiliza- 
tion was quite high and was increased by the addition of those 
compounds which stimulate oxygen consumption; that is, citrate, 
a-ketoglutarate, succinate, and fumarate. Malonate in this ex- 
periment inhibited pyruvate utilization by 56 per cent, the in- 
hibition being completely overcome by addition of equal concen- 
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trations of succinate, fumarate, or a-ketoglutarate. Citrate was 
less effective than the other compounds. Particular emphasis 
should be placed on the fact that it was less effective than a-keto- 
glutarate. The addition of fumarate to the vessel containing 
citrate plus malonate completely restored the pyruvate utilization. 

Table IT shows that citrate utilization does not parallel pyruvate 
utilization, the rate of pyruvate utilization being more than twice 
as great as that of citrate. Under these circumstances consider- 
able citrate should have accumulated. Yet of the 16.0 micromoles 
of pyruvate which disappeared, only 1.6 could be accounted for as 
synthesized citrate. Since the tissue was capable of utilizing 6.2 


TABLE | 


Utilization of Pyruvate by Respiring Pigeon Breast Muscle in 
Presence of Various Supplements 


The values are expressed as micromoles of pyruvate utilized per 100 mg. 
of tissue (dry weight) in 2 hours. All supplements are present in a final 
concentration of 0.005 M, except pyruvate which is 0.007 m. 








Supplements (in addition to pyruvate which is present in all vessels) Pyruvate change 
None.... UD tvisctheskanceedgsasibebenne st —16.3 
Succinate........ » pusiuid en oaereiee a koe —18.5 
Fumarate Pee aN. FS ae —21.4 
Citrate. ... os taut > eck acdsee See —20.2 
a-Ketoglutarate ps av ae edt darteel sue eee —16.8 
Malonate............ id ie heen’ Biel —7.2 
Succinate + malonate........ ee ee —22.0 
Fumarate + " ER een se awe slated —23.3 
Citrate + - ee era tech vo —12.4 
a-Ketoglutarate + malonate.................. ictneu —17.5 





micromoles of citrate, and under these conditions actually only 1.6 
micromoles were formed, there remained 8.2 micromoles of py- 
ruvate, or approximately 50 per cent of the added pyruvate, which 
disappeared and could not be accounted for by the citric acid cycle. 

The rate of citrate utilization was independent of the presence 
of pyruvate. This is another fact that cannot be explained by 
the citrate cycle, for since citrate was utilized more slowly than 
pyruvate, the addition of pyruvate should have resulted in a 
diminished utilization of the added citrate. Citrate utilization 
was increased by the addition of malonate both with and without 
added pyruvate, and yet malonate inhibited pyruvate utilization. 
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The mechanism of this enhancing effect of malonate on citrate 
utilization is unknown. The removal of citrate was diminished 
in the presence of fumarate plus malonate, and in the presence of 
malonate, fumarate, and pyruvate; the removal of pyruvate was 
increased in the presence of fumarate. These data cannot be ex- 
plained on the basis that citrate synthesis is increased when 
fumarate and pyruvate are added to tissue in the presence of 
malonate, since control experiments showed only 2 micromoles of 
citrate to be synthesized under these conditions, whereas fumarate 
decreased citrate utilization by 6 micromoles. 


TaBLe II 
Utilization of Pyruvate and Citrate by Respiring Pigeon Breast Muscle in 
Presence of Various Supplements 
The values are expressed as micromoles utilized per 100 mg. of tissue 
(dry weight) in 2 hours. The supplements are present in a final concentra- 
tion of 0.005 m, except pyruvate which is 0.007 m. 


Supplement —— | i 
Pyruvate.... SRENTERT ESET ORV EWES ES SawEN: —16.0 +1.6 
rere err err ere —15.8 —7.9 
" re —6.2 
NOR, 6 sadscccsccrscvesocceses —8.8 
Citrate + malonate + pyruvate................ —12.0 —9.4 
™ + ” no pyruvate added......... —9.8 
5 + <3 + fumarate + pyruvate. . —18.6 —3.6 
= + ™ + ™ no pyruvate 
enh sbs hens caivcitinn dis : —3.5 


In Table III are the results of a representative experiment in 
which pyruvate and citrate utilization were determined on the 
contents of manometric vessels at the conclusion of the measure- 
ment of oxygen consumption. With 0.007 m pyruvate, malonate 
alone inhibited respiration markedly, citrate was without effect, 
and the other supplements increased it. In addition, fumarate, 
succinate, and a-ketoglutarate produced marked increases in 
respiration even in the presence of malonate, whereas respiration 
was appreciably less than normal in the presence of citrate plus 
malonate. 

Similar differences between supplements were observed when 
the rate of utilization of pyruvate was measured. Succinate, 
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fumarate, and a-ketoglutarate, in the absence of malonate, in- 
creased pyruvate utilization, but citrate had no effect. In the 
presence of malonate, which inhibited pyruvate utilization to 
the extent of 88 per cent, succinate, fumarate, and a-ketoglutarate 
increased the utilization above the normal control, whereas citrate 
was decidedly inferior. Since a-ketoglutarate markedly increased 
the rate of pyruvate utilization in the presence of malonate, and 
citrate was less efficient, it appears that the pathways by which 
pyruvate is utilized lead more directly to a-ketoglutarate than 
to citrate. This possibility has already been suggested by Krebs 
and Eggleston (13), but dismissed as improbable. 


TasBie III 
Respiration of Pigeon Breast Muscle and Utilization of Pyruvate and Citrate 
in Presence of Various Supplements 
The oxygen uptake and utilization are expressed in micromoles per 100 
mg. of tissue (dry weight) inl hour. All supplements are present in a final 
concentration of 0.005 M, except pyruvate which is 0.007 m. 





Supplements (in addition to pyruvate Oxygen Pyruvate | Citrate 
which is present in all vessels) uptake change change 
lO i sis idisedn ee 26.3 —8.4 | 
Rite. |; .'. cbliecsdsot WHA 7.15 —1.0 +1.0 
RS ee ee eS ee 21.0 —7.9 —5.6 
” , Sp RR css cctnaxtindes 15.6 -5.8 | 7.1 
- + “ + fumarate... 43.8 | —14.0 | —2.2 
a-Ketoglutarate ................... | 42.9 —10.8 
- + malonate....... 40.6 —9.7 | 
meee RRR RRS 47.7 | —16.7 
a + malonate............. | 30.38 | —18.1 
PROMO oie o xeon eh dstncmetes 46.5 —13.2 +1. 
” + malonate............ 50.9 —16.0 is es 
DISCUSSION 


The proponents of the citrate cycle point out that in the presence 
of malonate, fumarate would be expected to have a greater stimu- 
lating effect upon pyruvate utilization and oxygen uptake than 
citrate. Thus, 

Fumarate + pyruvate + 240, = succinate + 3CO, 
Citrate + O, = succinate + 2CO, 
. 
If this argument were valid, then a-ketoglutarate should be even 
less effective than citrate (a-ketoglutarate + 302 = succinate + 
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CO,), while succinate should have no effect at all. Actually, we 
find that all the members of the citrate cycle except citrate are 
approximately equally effective in restoring the oxygen uptake and 
pyruvate utilization of muscle in the presence of malonate. Since 
malonate does not inhibit citrate utilization but rather enhances 
it, the failure to obtain stimulation of oxygen uptake and increased 
pyruvate utilization cannot be attributed to inhibition of the 
isocitric oxidase system with malonate. We are left with the 
conclusion that the réle of citrate in pyruvate metabolism and 
in respiration is a lesser one than is that of the other members of 
the cycle. 

Pyruvate is utilized by pigeon breast muscle more than 3 times 
as rapidly as citrate. If the main pathway of pyruvate utilization 
were through citrate, one would expect citrate to accumulate in 
quantities which approximate the difference in the rates of utiliza- 
tion of the two compounds. Yet only insignificant amounts of 
citrate accumulated when pyruvate was utilized. We are there- 
fore again led to the conclusion that pyruvate is not converted to 
citrate in the course of its oxidation by pigeon breast muscle mince 
respiring in 0.007 m pyruvate. 

In the presence of malonate, citrate utilization did not parallel 
oxygen uptake but rather was inverse to it. This could not be 
explained on the basis of increased citrate synthesis in rapidly 
respiring tissues, since citrate synthesis was found to be far less 
than the difference in utilization. 

Our experimental observations appear to favor a cycle involving 
a conversion of pyruvic acid to a-ketoglutarate, without citrate 
as an intermediary, followed by the Szent-Gyérgyi series of con- 
versions of the dicarboxylic acids to oxalacetate. The occasional 
catalysis of respiration observed when citrate is added to muscle 
is probably not due to citrate itself but rather to the C, acids and 
a-ketoglutarate which may be formed from it. Citrate may serve 
as a “stock-room”’ for the essential catalysts, and exert an effect 
on respiration only when they are low. 


SUMMARY 


1. The uptake of oxygen and utilization of pyruvate were in- 
hibited approximately 70 per cefit by 0.005 Mm malonate. Oxygen 
uptake and pyruvate utilization were restored in the presence of 
such a malonate concentration when equimolar concentrations of 
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a-ketoglutarate, succinate, or fumarate were added. However, 
citrate did not restore either oxygen consumption or pyruvate 
utilization in the presence of malonate. It thus appeared that 
the oxygen uptake and pyruvate utilization in the presence of 
malonate were not connected with a citrate reaction. 

2. The rate of pyruvate utilization was greater than that of 
citrate utilization, did not parallel the latter, and frequently was 
not even affected by added citrate. 

3. The addition of malonate inhibited respiration and pyruvate 
utilization, but accelerated citrate utilization. Fumarate added 
to muscle in the presence of malonate increased oxygen uptake and 
pyruvate utilization, but decreased citrate utilization. This ob- 
servation could not be accounted for by an increased synthesis of 
citrate in rapidly respiring tissue. 

4. It is therefore doubtful whether citrate represents an es- 
sential stage in the utilization of pyruvate and in the respiration 
of pigeon breast muscle. 


We wish to express our sincere appreciation to Dr. E. 8. Guzman 
Barron for the facilities of his laboratory and for his constructive 
criticism and suggestions; and to Dr. Carl Baumann, Department 
of Biochemistry, University of Wisconsin, for helpful suggestions 
and for criticism of this manuscript. 
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LETTERS TO THE EDITORS 





THE EFFECT OF PURINES ON THE ACTION OF 
SULFONAMIDES 
Sirs: 

When Escherichia coli is grown in a basal medium of inorganic 
salts and glucose, the addition of methionine antagonizes the ac- 
tion of the sulfonamides.':? Using methods described elsewhere,’ 
we find this methionine effect to be increased by the addition of 
either xanthine or guanine (see Line C’ of the table for typical 
results). On the other hand, in the absence of methionine these 
purines increase the action of sulfanilamide (Line B). In the 
basal medium, with (A’) or without (A) methionine, these purines 
have no effect on growth. Such contrasting effects in the sul- 
fanilamide-treated organism suggest metabolic relationships, as 
yet unknown, for sulfanilamide, methionine, and the purines. 


Time in hours for Escherichia coli to reach a density of 132 million per ml. 
from an inoculum of 20 per ml. in a medium of inorganic salts and glucose 
at 37°. In the uninhibited culture, growth is exponential for practically 
the entire period. 





Added to basal medium Effect of added purine 
Sulieni- | d-Methi- | wo purine | Hypenan- | Xanthine 

M uw hrs. hrs. . ‘ia. 
A 0 | 0 19 | 18 20 
A’ 0 10-* | 16.5) 16 16 
B 10-* 0 38 | >132 106 
C | 103 | 0 >110 >110 >110 
C’ 10-3 | 10° 83 | >110 34 
D (resistant strain) 0 0 21 | 38 21 
- = . . mi FF | =. = 


’ Kohn, H. I., and Harris, J.8., Proc. Am. Physiol. Soc., Am. J. Physiol., 
133, 354 (1941). Bliss, E. A., and Long, P. H., Bull. Johns Hopkins Hosp., 
69, 14 (1941). 

? Harris, J. 8., and Kohn, H. I., J. Pharmacol. and Exp. Therap., 78, in 
press. 
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Hypoxanthine and adenine increase the inhibition caused by 
sulfanilamide in the basal medium with (C’) or without (B) 
methionine. However, in the absence of sulfanilamide (A, A’), 
these 6-purines are without effect upon the rate of growth. 

The ability to increase the antisulfanilamide action of methionine 
evidently depends upon substitution at the 2 position of the purine, 
whereas the intensification of sulfanilamide action is determined 
at the 6 position. When p-aminobenzoate completely nullifies 
the action of sulfanilamide, all these purines are without effect. 

The growth of organisms made resistant to 10-2 m sulfanilamide 
(by continued subculture in increasing amounts of the drug) is 
inhibited by hypoxanthine or adenine, but not by xanthine or 
guanine (D). Thus the development of resistance is accompanied 
by a change in the response of the organisms to the purines. The 
addition of sulfanilamide does not alter this effect, whereas 
10-7 mM p-aminobenzoate or 10~‘ Mm methionine (D’) completely 
abolishes it. 

Duke University School of Medicine J. 8S. Harris 

Durham, North Carolina Henry I. Koun 
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NON-CRYSTALLIZABLE VITAMIN A* 
Sirs: 

Repeated bioassays of pure crystalline vitamin A (m.p. 63-64°)! 
against u.s.p. reference oil have yielded potency values ranging 
around 4,500,000 u.s.p. units per gm.?_ Since the average extinc- 
tion coefficient (£}".,, ,328 my) of the crystalline vitamin is 1725, 
the conversion factor is 2600. This average factor of 2600 was 
considerably higher than the value 2000, accepted for most fish oils, 
so that it became of interest to determine the factor or relative 
potency of the vitamin A left in the mother liquor. The vitamin 
A in the filtrate gave an ultraviolet spectrum apparently identical 
with that of the crystals, but it proved refractory to crystallization. 

The liver oil of the ling cod (Ophiodon elongatus) was distilled 
and the distillate containing approximately 29 per cent vitamin A 
esters (E}%,, , 328 mu = 500) was saponified. The free vitamin A 
in the resulting concentrate was crystallized from ethyl formate 
by the method previously described.! The crystallization mother 
liquor was then evaporated under reduced pressure and the residue 
redistilled to carry the concentration of the vitamin A as far as 
possible. Only a small amount of the vitamin A in this distillate 
could be crystallized from ethyl formate; therefore the mother 
liquor was evaporated and the crystallization residue examined. 
It contained about 46 per cent of the initial vitamin A and was 
an orange-red oil with an extinction coefficient (E}%,, , 328 my) of 
1210. The spectographic curve was very slightly broader than 
that of crystalline vitamin A and the absorption maximum oc- 
curred at 330 mu. 

Aliquots of the uncrystallizable residue were diluted and assayed 
with the results given in the tabulation. 


* Communication No. 29 from the Laboratories of Distillation Products, 
Inc. 
‘ Baxter, J. G., and Robeson, C. D., Science, 92, 203 (1940). 
? Unpublished data. 
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i) . eae | Eauiv 
i so quiva- ‘ 
Ae | Amount Average lency, Potency, Conversion 
| fed daily | Srowt v.s.p. units} °-8-P- UM) factor 
! | response per day per gm. 
i | me. | om. 
Crystallization residue | 0.0701 <12 <1.00 |<14,300 | <1550 


(E1% = 9.22) 


lem. 


"= = | 0.1402 | 36.3 1.92 13,700 1490 


SSS 


The bioassay procedure employed was that detailed in the 
u.s.p. XI except that greater precision was obtained by running 
three different levels of u.s.p. reference oil with each assay, de- 
termining the dose-response relationship for this standard ma- 
terial, and calculating from it the “equivalency” of all levels of 
test materials in terms of v.s.p. units fed daily. 

It is evident from the above that a fish liver oil has yielded two 
preparations of vitamin A having similar ultraviolet absorption 
spectra, but conversion factors (relative biological potencies) of 
2600 and 1500. These factors differ from the generally accepted 
value of 2000 for the whole oil. The existence of more than one 
variety of vitamin A, spectrally identical but different in crystal- 
lizability and potency, if generally substantiated, will help to ex- 
plain many paradoxes in past vitamin A research. Natural oils 
which have been reported as having significantly different con- 
version factors may have possessed different proportions of these 
vitamin A’s or inactive material absorbing sharply at 328 mu. 
The preparation of concentrates, by distillation or extraction, 
which showed conversion factors different from those of the original 
oils from which they were prepared, may have concentrated the 
two vitamin A’s differently or destroyed one form preferentially. 


Distillation Products, Inc. J. G. BAxTEeR 
Rochester, New York P. L. Harris 


K. C. D. HickMan 
C. D. RoBeson 
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THE SIGNIFICANCE OF THE RATIO OF LACTIC Ti 
PYRUVIC ACID IN THE BLOOD AFTER 
EXERCISE 


Sirs: 
Previous workers! have shown that the concentration of pyruvic 
acid increases greatly after muscular exercise and then diminishes 
as the lactie acid content of the blood returns to normal. In our 
aT] 
| Matern 
/ ~ 


| 
| A xl™ 
I J 





-—1— +———1-—— Sy 


, a 








s+LOOD 
— 


IN 


MC. 7, 


& ~ 
—y ~4 


XERCISE 











— eine 


0 5 © 5S 20 8 © 3 40 4 SO SS 
MINUTES 
Fic. 1. The subject ran down and then up seventeen flights of steps in 
2 minutes and 40 seconds. Maximum in blood from arm veins, lactic acid 
188 mg. per cent, pyruvic acid 5.20 mg. per cent. 


experiments the concentration of pyruvic acid rises and declines 
logarithmically, or nearly so, with time. Following severe mus- 
cular exertion (Fig. 1), the ratio of lactic to pyruvic acid, which 


1 Johnson, R. E., and Edwards, H. T., J. Biol. Chem., 118, 427 (1937). 
Lu, G. D., and Platt, B. 8., Biochem. J ., 33, 1538 (1939). 
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at first is extremely high, 69 in the experiment cited, falls rapidly 
during the Ist few minutes after exercise, and then decreases 
slowly. The point of inflection of the curve occurs at from 4 to 
10 minutes, depending upon the severity of the exertion. At this 
time the CO, capacity and pH approach their minimum? and 
lactic? and pyruvic acids attain their maximum concentration in 
the blood. Of particular interest is the fact that at about this 
time the pulse, the respiration, the oxygen intake,‘ and the oxygen 
content of the blood are rapidly returning to normal. According 
to Margaria, Edwards, and Dill,® the “alactacid oxygen debt” is 
restored within the first 5 minutes or so. 


Analysis after Light Exercise of Whole Blood from Arm Veins 





Time after exercise | Lactic acid Pyruvie acid — 
'yruvic 
min. sec. 7 | rie =e geresnl mg. per cul 
» es | 57.0 2.64 21.5 
8 40 46.4 3.11 15.0 
3006«(COO | 30.0 1.93 15.5 
60 +O 


19.6 1.28 15.3 


These and other considerations lead us to believe that the ratio is 
an indicator of returning normal oxidative conditions. That this 
is probably so is suggested by results obtained after mild exercise 
(see the table). In such experiments, despite a marked rise of 
the lactic and pyruvic acids, the ratio rapidly returns to the normal 
ratio of 12 to 15. 


Abbott Foundation for Medical Research THEODORE E. FRIEDEMANN 
Northwestern University Medical School CurrrorD J. BARBORKA 
Chicago 


Received for publication, November 3, 1941 


* Barr, D. P., Himwich, H. E., and Green, R. P., J. Biol. Chem., 66, 495 
(1923). 

* Barr, D. P., and Himwich, H. E., J. Biol. Chem., 56, 525, 539 (1923). 

‘ Laug, E. P., Am. J. Physiol., 107, 687 (1934). 

5 Margaria, R., Edwards, H. T., and Dill, D. B., Am. J. Physiol., 106, 
689 (1933). 











CATALYZED HYDROLYSIS OF AMIDE AND PEPTIDE 
BONDS IN PROTEINS 
Sirs: 

It has been shown that titration curves of at least two proteins, 
wool and egg albumin, when obtained with different strong acids, 
are not identical but occupy distinct positions with respect to the 
pH coordinate, depending on the acid.' These wide differences 
were interpreted in terms of combination of the protein with 
anions as well as with hydrogen ions, the combination with each 
anion being governed by its own distinct dissociation constant. 
These constants, calculated from the titration data, differ over a 
several thousandfold range. It has now been found that the 
velocities of hydrolysis at 65° of these proteins by dilute solutions 
of these acids (less than 0.1 m) also differ very widely. These 
differences have been chiefly studied by measuring the rate of 
liberation of ammonia by hydrolysis of amide linkages, since this 
directly measures the rate at which single bonds are attacked. 
However, very similar differences are found when the hydrolysis 
is followed by measuring the rate at which all forms of soluble 
nitrogen are liberated from both proteins. 

The rates observed with different acids vary over more than a 
hundredfold range. By using the most effective of the anions 
studied (dodecylsulfate or dodecylsulfonate, tetradecylsulfate, 
diphenylbenzenesulfonate, the dye Orange II) as their sodium 
salts added to solutions of any of the least effective acids, the 
effects of varying anion and hydrogen ion concentration separately 
may be studied. It has been found with wool that relatively 
low concentrations of the “effective” anion suffice to produce a 
maximum rate when the reaction is followed by measuring am- 
monia production. No such limit is observed as the hydrogen 
ion concentration is varied. Thus adding very small amounts 


! Steinhardt, J., Ann. New York Acad. Sc., 41, 287 (1941). Steinhardt, 
J., Fugitt, C. H., and Harris, M., J. Research Nat. Bur. Standards, 26, 
293 (1941) RP1377. 
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of these salts to any dilute solution of hydrochloric acid increases 
the rate of hydrolysis of both amide and peptide bonds about 
100 times, an effect very similar to that produced by adding a 
smaller amount of the enzyme, pepsin. 

The amounts of effective anion producing the maximum rate 
correspond closely with stoichiometric equivalence to the sum 
of the strongly basic groups plus the primary amide groups. This 
correspondence suggests a hydrolytic mechanism requiring com- 
bination of amide groups with hydrogen ions. Combination of 
amide groups, despite their low base strength, with hydrogen ions 
at these relatively low acidities is possible, because the concurrent 
combination with tightly bound anions permits the acceptance 
of a proton without a simultaneous increase in the positive charge 
on the protein. The resulting susceptibility to acid catalysis 
thus shows a dependence on the affinity of the anion for protein 
rather than on the strength of the acid. 

A different situation is found when the rate of production of all 
soluble products rather than of ammonia alone is followed. The 
rate increases with increasing anion and hydrogen ion concentra- 
tion beyond the limit yielding the maximum rate of ammonia 
production. This difference, indicating that peptide groups are 
less strongly basic than amide groups (or have less affinity for 
anion), is of potential use in analysis. By using low concentra- 
tions of “effective”? anions at moderate acidities, practically 
complete hydrolysis of amide groups may be attained with little 
general hydrolysis of the protein. 


Research Laboratory of the Textile Foundation JACINTO STEINHARDT 
at the National Bureau of Standards 
Washington 


Received for publication, November 17, 1941 

















DESTRUCTION OF THIAMINE BY A SUBSTANCE IN 
CERTAIN FISH 


Sirs: 


Green, Carlson, and Evans! recently have shown that foxes 
developed a severe disease when fed a diet containing raw carp 
and that this disease could be prevented by the feeding of thiamine. 
Since studies of the egg white injury factor and its reaction with 
biotin? were in progress in this laboratory at the time that the 
paper of Green et al. appeared,’ the possibility was considered that 
an “antithiamine” existed whose relation to thiamine was similar 
to that of the antibiotin factor to biotin. An attempt was there- 
fore made to demonstrate an antithiamine in carp by chemical 
and biological procedures. 

A freshly killed carp was ground and suspended in water, and 4 
volumes of ethanol were added. The alcohol extract was found 
to contain no thiamine when examined by the method of Emmett 
et al Furthermore, thiamine added to the fish could not be 
recovered. 100 gm. of various carps caused the disappearance of 
150 to 190 y of the vitamin when 200 y were added. A suspension 
of carp which had been heated to the boiling point and cooled 
removed only half as much thiamine. Heating for 15 minutes 
at 15 pounds pressure destroyed all activity. Similar behavior 
was observed with solutions of the factor obtained as described 
below. Aqueous extracts were only one-fourth as active as the 
suspension of carp, while aqueous extracts of dialyzed suspensions 
were inactive toward thiamine. However, the active ingredient 
was not dialyzable. It could be extracted from the insoluble 
portion of the fish with 10 per cent NaCl. 


1 Green, R. G., Carlson, W. E., and Evans, C. A., J. Nutrition, 21, 243 
(1941). 

? Eakin, R. E., Snell, E. E., and Williams, R. J., J. Biol. Chem., 140, 
535 (1941). 

* Woolley, D. W., and Longsworth, L. G., J. Biol. Chem., in press. 

‘Emmett, A. D., Peacock, G., and Brown, R. A., J. Biol. Chem., 136, 
131 (1940). 
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One-fourth of the activity of a fish was in the head, three- 
eighths in the viscera, and three-eighths in the torso. 

An independent method of analysis was sought in order to 
establish these observations more securely and to extend them. 
After the examination of the responses of a number of micro- 
organisms it was found that the yeast Endomyces vernalis was 
suited to the purpose. When this organism was inoculated into 
the medium described by Snell e¢ al.,5 from which thiamine was 
omitted, slight growth occurred. When thiamine was added, 
growth was as good as in a malt extract medium.’ By the use of 
a quantitative method based on these observations it was found 
that the aqueous extract of carp contained only 3 y of thiamine 
and its pyrimidine and thiazole halves per 100 gm. of fish and that 
suspensions or NaCl extracts of carp destroyed thiamine. 

The mode of destruction has not been established. Since the 
pyrimidine and thiazole halves together were as active as thiamine 
for Endomyces and since thiamine activity for this organism was 
destroyed by the preparation, the mode of action cannot be to 
split the molecule into these halves. The destruction was not 
instantaneous. A certain preparation destroyed no thiamine 
in zero time, 1.3 y in 6 hours, 4.0 y in 16 hours, 4.3 y in 24 hours, 
at 25° (Endomyces method). Whether the action is an enzymic 
degradation or a slow formation of a thiamine-antithiamine com- 
plex has not yet been established. 

1 mg. of the most active preparation thus far obtained by 
methods suggested above destroyed 1.8 y of thiamine in 2 hours 
at 25°. 


Laboratories of The Rockefeller Institute D. W. Woo.LLey 
for Medical Research 
New York 


Received for publication, November 17, 1941 
’ Snell, E. E., Eakin, R. E., and Williams, R. J., J. Am. Chem. Soc., 62, 


175 (1940). 
* Woolley, D. W., J. Biol. Chem., 140, 453 (1941). 











ABSENCE OF METHIONINE IN CRYSTALLINE HORSE 
SERUM ALBUMIN 


Sirs: 

The distribution of the sulfur amino acids in purified prepara- 
tions of the serum proteins has as yet not been determined. A 
preparation of horse serum albumin (HSA) was obtained through 
the courtesy of Mr. Manfred Mayer of this Department. It had 
been crystallized according to the method of Adair and Robinson,! 
recrystallized five times, then dialyzed until free from ammonium 
sulfate, and finally dried in vacuo at room temperature. Such 
preparations are very low in carbohydrate and glucosamine, 
similar to HSA Fraction B of Kekwick.? 

Air-dried HSA was used for analysis and the values corrected 
for moisture content’ (9.63 per cent). The total S was 1.82 per 
cent (ash, 0), of which 0.15 per cent was sulfate 8, leaving a 
protein 8 content of 1.68 per cent (corrected* for sulfate, 0.5 per 
cent). The total N (micro-Dumas) was 15.90 per cent (corrected 
for sulfate’). 

Methionine was completely absent. The protein S was quan- 
titatively accounted for by cystine + cysteine S (1.68 per cent 
(corrected) in HI hydrolysates’). In HCl hydrolysates the sep- 
arate determination of cystine and cysteine yielded 0.50 per cent 
(corrected) of cysteine and 5.78 per cent (corrected) of cystine, 
or 6.28 per cent of cystine + cysteine (1.68 per cent 8). 

From the distribution of cysteine and cystine the minimum 
molecular weight of HSA can be calculated on the assumption that 
the material analyzed is a pure chemical individual (along the 
lines developed for chymotrypsinogen*). HSA contains three 
residues of cysteine and thirty-four half cystine residues; the 


1 Adair, G. 8., and Robinson, M. E., Biochem. J., 24, 994 (1930). 
* Kekwick, R. A., Biochem. J., 32, 552 (1938). 
*For details see the analysis of chymotrypsinogen (Brand, E., and 
Kassell, B., J. Gen. Physiol., 25, 167 (1941)). 
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calculated minimum molecular weight of 70,700 is in close agree- 
ment with physicochemical determinations of the molecular 
weight.2 

HSA is an unusual protein in that it contains no methionine. 
The only other known proteins without methionine are insulin 
and the oxytocic-pressor hormone from the posterior pituitary.‘ 
Crystalline human serum albumin of Kendall,® on the other hand, 
contains methionine.6 Dog serum albumin will be investigated 
in view of the finding of Whipple et al.’ that in dogs methionine is 
ineffective in serum protein regeneration. 
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and McHenry, 619 
— synthesis, effect, Gavin and 
McHenry, 619 


Functional groups, Hofmann, Mel- 


ville, and du Vigneaud, 207 
Reagent effect, Brown and du 
Vigneaud, 85 


Bisulfite reaction: Acetone determin- 
microdiffusion, Winnick, 
115 

Diffusion, micro-, methods, Win- 
nick, 115 
Blood: Glycolysis, fluoride 
and sodium iodoacetate effect, 
Bueding and Goldfarb, 539 
Lactic acid-pyruvic acid ratio, 
exercise effect, Friedemann and 
Barborka, 993 
Phytate phosphorus determination, 
Leva and Rapoport, 343 
Pyruvic acid, removal in vitro, 
Bueding and Goodhart, 931 
Blood cell(s): Red, permeability, bro- 


ation, 


sodium 


mide, Smith, Eisenman, and 
Winkler, 555 
, -—, chloride, radioactive, 
Smith, Eisenman, and Winkler, 

555 
, —, iodide, Smith, Eisenman, 
and Winkler, 555 


—, potassium, metabolism effect, 


Harris, 579 
Blood plasma: Electrophoresis meas- 
urements, Moore and Lynn, 819 





Index 


Blood serum: Albumin, carbon sub- 


oxide-treated, ultracentrifugal 
behavior, Oncley, Ross, and 
Tracy, 797 


—, methionine absence, Brand and 


Kassell, 999 
Brain: Glycolysis, Ochoa, 245 
Phosphorus metabolism, radio- 
active phosphorus in_ study, 
Fries and Chaikoff, 479 
Phosphorylation, Ochoa, 245 


Bromide(s): Blood cell, red, perme- 
ability, Smith, Eisenman, and 


Winkler, 555 

Cc 
Calcium bicarbonate: Dissociation, 
Greenwald, 789 
Calcium carbonate: Dissociation, 
Greenwald, 789 


Carbohydrate(s): Tuberculins, prop- 
erties, Steenken, 91 
Carbon dioxide: 7'rypanosoma lewisi, 
glucose metabolism, réle, Searle 
and Reiner, 563 


Utilization, liver, Evans and Slotin, 


439 
Carbon suboxide: Blood serum al- 
bumin treated with, ultracen- 


trifugal behavior, Oncley, Ross, 
and Tracy, 797 
Proteins and, Oncley, Ross, and 
Tracy, 797 
Carboxyl group(s): Amino acids, free, 
determination, gasometric, Van 
Slyke, Dillon, MacFadyen, and 
Hamilton, 627 
Carcinogenic substance(s): Phos- 
pholipid oxidation, effect , Deutsch, 
Kline, and Rusch, 529 
Catalase: Liver, activity, tumor- 
bearing rats, tumor extirpation 
effect, Greenstein, Jenrette, and 


White, 327 
Cathepsin: Kidney, Fruton, Irving, 
and Bergmann, 763 














Subjects 


Cathepsin—continued: 
Spleen, Fruton, Irving, and Berg- 
mann, 763 
Cerebroside(s): Determination, 
Brand and Sperry, 545 
Cevine: Oxidation, Craig and Jacobs, 


253 

Chloride(s): Biological fluids, de- 
termination, absorption  in- 
dicators, Saifer, Hughes, and 
Scudero, 495 


——,—, micro-, eosin use, Saifer, 
Hughes, and Scudero, 495 
Radioactive, blood cell, red, per- 
meability, Smith, Eisenman, and 
Winkler, 
Cholesterol: 
aqueous _ solution, 
formed, Bergstrém and Winter- 
steiner, 597 
Citricacid: Muscle respiration, cycle, 


Stare, Lipton, and Goldinger, 
981 

Citrulline : Arginine, conversion, 
kidney, Borsook and Dubnoff, 


717 

Clostridium acidi-urici: Purine de- 
composition, Barker and Beck, 

3 

Clostridium cylindrosporum: Purine 
decomposition, Barker and Beck, 
3 
Behrens, 


503 


Coenzyme(s): Glyoxalase, 


I, tissue, hyperthyroidism, Katzen- | 
elbogen, Axelrod, and Elvehjem, 


555 | 
Autoxidation, colloidal | 
products | 





611 
Creatine: Formation, chick, Alm- | 
quist, Mecchi, and Kratzer, 365 | 


Cucumber: Virus, amino acids, aro- 


matic, Knight and Stanley, 39 
—, preparation and properties, 
Knight and Stanley, 


Cupric chloride: Crystallization, pro- 


tein effect, Morris and Morris, | 


| 


| 
| 
| 
| 


29 | 


515 | 
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Cystine: Growth effect, Womack and 


Rose, 375 
Synthesis in vivo, Rose and Wood, 
381 


D 


Delphinium staphisagria: Staphisine, 
Jacobs and Craig, 67 
Diatom: Lipids, Clarke and Mazur, 283 
Diet: Glucose absorption, effect, 
Sinclair and Fassina, 509 
Ketosis, fasting, liver fat and, rela- 
tion, MacKay, Carne, Wick, and 


Visscher, 889 
Diffusion: Biochemical reactions, 
manometric, Roughton, 129 


N-(a, y-Dihydroxy-8, §-dimethyl- 
butyryl)taurine: Growth inhibi- 
tion, pantothenic acid effect, 
Snell, 121 

Dipeptidase(s): Intestine mucosa, 
Gailey and Johnson, 921 

Diphosphothiamine: Reduction rate, 
Barron and Lyman, 951 


E 


Egg: Urechis, respiratory pigment, 
Horowitz and Baumberger, 407 
Enzyme(s): Pasteur, yeast, absorp- 
tion spectrum, Melnick 269 
Proteolytic, kidney, Fruton, Irving, 


and Bergmann, 763 
—, spleen, Fruton, Irving, and 
Bergmann, 763 
—, tissue, Fruion, Irving, and 
Bergmann, 763 
See also Catalase, Cathepsin, Co- 
enzyme, Dipeptidase, Glyox- 
alase, Oxidase, Ribonuclease, 
Succinoxidase, Trypsin 
Eosin: Biological fluids, chlorides, 
determination, micro-, Saifer, 
Hughes, and Scudero, 495 
Estradiol: a-, fate, Heard and 
Hoffman, 329 


—, metabolism, Heard, Bauld, and 
Hoffman, 709 








oe 


wis 


1012 Index 


Exercise: Blood lactic acid-pyruvic 
acid ratio, effect, Friedemann and 
Barborka, 993 

Extractor: Urine steroids, Hershberg 
and Wolfe, 215 


F 


Fasting: Adrenal lipids, effect, Oleson 
and Bloor, 349 
Ketosis, diet and liver fat, relation, 
MacKay, Carne, Wick, and Vis- 
scher, 889 
Fat(s): Liver, fasting ketosis, diet 
relation, MacKay, Carne, Wick, 


and Visscher, 889 
Metabolism, biotin effect, Gavin 
and McHenry, 619 
Synthesis, biotin effect, Gavin and 
McHenry, 619 
Fatty acid(s): Branched chain, 
ketogenic action, Wick, 897 
Fish: Thiamine destruction by sub- 
stance in, Woolley, 997 
G 


Glomerulus: Protein molecule pas- 
sage, Bott and Richards, 291 
Glucose: Absorption, diet effect, 
Sinclair and Fassina, 509 
Metabolism, Trypanosoma lewisi, 
earbon dioxide réle, Searle and 
Reiner, 563 
Glycogen: Liver, dl-lysine monohy- 
drochloride effect, Sharp and 
Berg, 739 
Glycolysis: Blood, sodium fluoride 
and sodium iodoacetate effect, 


Bueding and Goldfarb, 539 
Brain extracts, Ochoa, 245 

Glyoxalase: Coenzymes, Behrens, 
503 


Gramicidin: d-Amino acids, Lip- 
mann, Hotchkiss, and Dubos, 

163 

Chemical nature, Hotchkiss, 171 

Composition, Christensen, Ed- 

wards, and Piersma, 187 


Gramicidin—continued: 
Properties, Tishler, Stokes, Tren- 


ner, and Conn, 197 
Growth: Cystine effect, Womack and 
Rose, 375 


N-(a, y-Dihydroxy-8, 8-dimethyl- 
butyryl)taurine effect, Snell, 


121 

Factor, bacteria, Hutchings, 
Bohonos, and Peterson, 521 
—, lactic acid bacteria, purification 
and _ properties, Hutchings, 
Bohonos, and Peterson, 521 
Methionine effect, Womack and 
Rose, 375 


Pantothenie acid effect, Snell, 121 


H 


Hydrogen: Transport, tissue, Potter, 
775 

Hydroxylysine: Proteins, determina- 
tion, Van Slyke, Hiller, and 
MacFadyen, 681 
Hyperthyroidism: Tissue coenzyme 
I, Katzenelbogen, Axelrod, and 


Elvehjem, 611 
I 

Insulin: Ketone body production, 
effect, Somogyi, 219 
Lanthionine. du Vigneaud, Brown, 
and Bonsnes, 707 
Intestine: Mucosa, dipeptidases, 
Gailey and Johnson, 921 
Iodide(s): Blood cell, red, permeabil- 
ity, Smith, Eisenman, and 
Winkler, 555 


J 


Jervine: Dehydrogenation, Jacobs, 
Craig, and Lavin, 51 
K 


Ketogenic action: Fatty acids, 
branched chain. Wick, 897 











Subjects 


Ketoglutarate: a-, metabolism, thi- | 
amine effect, Barron, Goldinger, | 


Lipton, and Lyman, 975 | 
Ketone body: Production, insulin 
effect, Somogyi, 219 


Ketosis: Fasting, diet and liver fat, 
relation, MacKay, Carne, Wick, 
and Visscher, 889 | 

Kidney: Cathepsin, Fruton, Irving, | 
and Bergmann, 763 | 

Citrulline conversion to arginine, 
Borsook and Dubnoff, 717 
Enzymes, proteolytic, Fruton, Ir- 
ving, and Bergmann, 763 


L 


Lactic acid: Bacteria, growth factor, 
purification and _ properties, 
Hutchings, Bohonos, and Pe- 
terson, 521 
Blood, pyruvic acid and, exercise | 
effect, Friedemann and Barborka, 


993 | 
Lanthionine: Insulin, du Vigneaud, | 
Brown, and Bonsnes, 707 | 


Levene, Phoebus Aaron Theodor: | 
Obituary, Jacobs and Van Slyke, 1 
Lipid(s): Adrenals, fasting effect, 
Oleson and Bloor, 349 

Diatoms, Clarke and Mazur, 283 | 


Phospho-. See Phospholipid 
Liver: Carbon dioxide utilization, 
Evans and Slotin, 439 


Catalase activity, tumor-bearing 
rats, tumor extirpation effect, | 
Greenstein, Jenrette, and White | 


327 | 
Fat, fasting ketosis, diet relation, 
MacKay, Carne, Wick, and | 
Visscher, 889 | 
Glycogen, dl-lysine monohydro- 
chloride effect, Sharp and Berg, | 
739 


Phospholipid metabolism, in vitro, | 
radioactive phosphorus. as indi- | 
cator, Fishler, Taurog, Perlman, | 


and Chaikoff, 809 | 


| Methionine methylsulfonium chloride: 


1013 


Lysine: Hydroxy-, proteins, deter- 
mination, Van Slyke, Hiller, and 
MacFadyen, 681 


| Lysine monohydrochloride: di-, ace- 


tone body excretion, effect, Sharp 
and Berg, 739 
—, liver glycogen, effect, Sharp and 


Berg, 739 

M 
Magnesium bicarbonate: Dissocia- 
tion, Greenwald, 789 


Magnesium carbonate: Dissociation, 


Greenwald, 789 
Mannitol: Metabolism, Ellis and 
Kraniz, 147 
Toxicity, Ellis and Kraniz, 147 


Methionine: Blood serum albumin, 
absence, Brand and Kassell, 999 


Derivatives, metabolism, tissue 
slices, Borek and Waelsch, 99 
dl-, dl-methionine sulfone and 
methylsulfonium chloride _re- 
placement of, Bennett, 573 
Growth effect, cystine relation, 
Womack and Rose, 375 
Metabolism, tissue slices, Borek 
and Waelsch, 99 


Spermatozoa, Zittle and O’ Dell, 239 
Test, colorimetric, McCarthy and 
Sullivan, 871 


dl-, dl-methionine replacement 
by, Bennett, 573 
Methionine sulfone: di-, di-methio- 
nine replacement by, Bennett, 
573 


_ Methylaspartic acid(s): Methylation, 


Dakin, 945 
Mosaic: Tobacco, virus, acetyl deriv- 


atives, Miller and Stanley, 905 
—, —, amino acids, aromatic, 
Knight and Stanley, 39 
—, —, derivatives, Miller and 
Stanley, 905 
—, —, phenylureido derivatives, 
Miller and Stanley, 905 
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Muscle: Respiration, citric acid 
cycle, Stare, Lipton, and Gold- 


inger, 981 
See also Exercise 
N 

Nicotinic acid: Synthesis, body, 

Dann, 803 
oO 

Obituary: Levene, Phoebus Aaron 


Theodor, Jacobs and Van Slyke, 


l 

Oxidase: d-Amino acid, J-alanine 
preparation, use, Behrens, 465 
Succin-, system, Poiter, 775 


Oxidation(s): Biological, Barron, and 


Lyman, 951 
Barron, Lyman, Lipton, and 
Goldinger, 957 
Barron, Goldinger, Lipton, and 
Lyman, 975 
Stare, Lipton, and Goldinger, 981 
P 
Pantothenic acid: Growth effect, 
Snell, 121 


Pasteur enzyme: Yeast, absorption | 


spectrum, Melnick, 269 
Peptidase(s): Di-, intestine mucosa, 
Gailey and Johnson, 921 


Peptide(s): Bonds, proteins, hydrol- | 


ysis, catalyzed, Steinhardt, 995 
Phenylureido derivative(s): Tobacco 
mosaic virus, Miller and Stanley, 

905 

Phospholipid(s): Liver, metabolism, 
in vitro, radioactive phosphorus 

as indicator, Fishler, Taurog, 
Perlman, and Chaikof, 809 
Oxidation, ascorbic acid and ecar- 
cinogenic chemicals, effect, 
Deutsch, Kline,and Rusch, 529 
Phosphorus: Brain, metabolism, ra- 
dioactive phosphorus in study, 
Fries and Chaikoff, 479 
Labeled, organs, recovery, Fries 
and Chaikoff, 469 


Index 


Phosphorus—continued: 

Radioactive, brain phosphorus me- 
tabolism, study with, Fries and 
Chaikoff, 479 

—, liver phospholipid metabolism 
in vitro, study with, Fishler, 
Taurog, Perlman, and Chaikoff, 

809 

See also Phytate phosphorus 

Phosphorylation: Brain extracts, 
Ochoa, 245 
Phytate phosphorus: Blood, deter- 
mination, Leva and Rapoport, 
343 

Pigment: Respiratory, Urechis eggs, 
Horowitz and Baumberger, 407 
Potassium: Blood cells, red, metab- 
olism effect, Harris, 579 
Pregnancy: Urine, sodium pregnane- 
diol glucuronidate, determina- 
tion, titrimetric, Allen and 
Viergiver, 837 

| Progesterone: Metabolism, Heard, 
Bauld, and Hoffman, 709 
| Protein(s): Amide bonds, hydrolysis, 

catalysis, Steinhardt, 995 

Carbon suboxide and, Oncley, Ross, 








and Tracy, 797 
| Cupric chloride crystallization, 
effect, Morris and Morris, 515 


| Derivatives, purified, tuberculins, 
properties, Steenken, 91 
Hydroxylysine determination, Van 
Slyke, Hiller,and MacFadyen, 681 
Molecules, glomerular membranes, 
passage, Boti and Richards, 291 
Peptide bonds, hydrolysis, cataly- 
sis, Steinhardt, 995 
| Proteolysis: Enzymes, kidney, Fru- 


ton, Irving, and Bergmann, 763 

—, spleen, Fruton, Irving, and 
Bergmann, 763 

—, tissue, Fruton, Irving, and 
Bergmann, 763 
Purine(s): Decomposition, Clostri- 


dium acidi-urici and Clostridium 
cylindrosporum, Barker and Beck, 
3 














Subjects 


Purine(s)—continued: 
Sulfonamide action, effect, Harris 
and Kohn, 989 
Pyruvate: Condensation 


Lipton, and Goldinger, 


Barborka, 
—, removal in vitro, Bueding and 
Goodhart, 931 


R 


Respiratory ferment: Yeast, absorp- 
tion spectrum, Melnick, 269 


reactions, | 
thiamine effect, Barron, Lyman, | 
957 | 
Pyruvic acid: Blood, lactic acid and, | 

exercise effect, Fricdemann and | 
993 | 


Respiratory pigment: Urechis eggs, | 


Horowitz and Baumberger, 
Riboflavin: Biological fluids, deter- 
mination, fluorometric, Najjar, 
355 

Determination, 
Scott, Randall, and Hessel, 325 
Urine, determination, fluorometric, 


Najjar, 355 
Ribonuclease: Crystalline, absorp- 
tion spectrum, Uber and Elis, 229 

Ss 


Selenium: Radio-, sodium selenate 
distribution and excretion, study 
with, McConnell, 


407 | 


microbiological, | 


427 | 


Sodium chloride: Levels, vitamin B | 
filtrate factors, deficiency, ad- | 


ministration effect, Ralli, Clarke, 
and Kennedy, 105 
Vitamin B filtrate factors, defi- 
ciency, administration effect, 
Ralli, Clarke, and Kennedy, 105 
Sodium fluoride: Blood glycolysis, 
effect, Bueding and Goldfarb, 
539 

Sodium iodoacetate: Blood glycolysis, 
effect, Bueding and Goldfarb, 
539 

Sodium pregnanediol glucuronidate: 
Urine, pregnancy, determination, 
titrimetric, Allen and Viergiver, 


837 
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Sodium selenate: Body distribution 
and excretion, radioselenium in 


study, McConnell, 427 
Sorbitol: Metabolism, Ellis and 
Kraniz, 147 
Toxicity, Ellis and Krantz, 147 


Spermatozoa: Methionine, Zittle and 


O' Dell, 239 
Sphingomyelin: Tumor, metabolism, 


Haven and Levy, 417 
| Spleen: Cathepsin, Fruton, Irving, 
and Bergmann, 763 


Enzymes, proteolytic, Fruton, Ir- 


ving,and Bergmann, 763 
Staphisine: Jacobs and Craig, 67 
Steroid(s): Heard and Hoffman, 329 


Heard, Bauld, and Hoffman, 709 
Urine, extraction apparatus, Hersh- 
berg and Wolfe, 215 
Sterol(s): Autoxidation, colloidal 
aqueous solution, Bergsirim and 
Wintersteiner, 597 
Succinoxidase: System, Poller, 775 
Sugar: Alcohols, Ellis and Krantz, 
147 

Sulfonamide(s): Purine effect, Harris 
and Kohn, 989 


T 


Taurine: N-(a,y-Dihydroxy-§, §-di- 
methylbutyryl)-, growth inhibi- 
tion, pantothenic acid effect, 
Snell, 121 

Testosterone: Color reaction, Koenig, 
Melzer, Szego, and Samuels, 487 

Thiamine: Destruction, fish effect, 
Woolley, 997 

Diphospho-, reduction rate, Barron 
and Lyman, 951 
a-Ketoglutarate metabolism, effect, 
Barron, Goldinger, Lipton, and 
Lyman, 975 
Pyruvate condensation reactions, 
effect, Barron, Lyman, Lipton, 


and Goldinger, 957 
Reduction rate, Barron and Lyman, 
951 








1016 


Thiamine—continued: 
Urine, determination, Egatia and 
Meiklejohn, 859 


Thyroid: See also Hyperthyroidism | 


Tobacco: Mosaic virus, acetyl deriva- 
tives, Miller and Stanley, 905 
—, amino acids, aromatic, 
Knight and Stanley, 39 
—, derivatives, Miller and 
Stanley, 905 
— —, phenylureido derivatives, 
Miller and Stanley, 905 
Trypanosoma lewisi: Glucose metab- 
olism, carbon dioxide réle, Searle 
and Reiner, 563 
Trypsin: Crystalline, inactivation, 
photochemical, Uber and 
McLaren, 231 


Tuberculin: Carbohydrates, proper- | 


ties, Steenken, 91 
Protein derivatives, purified, prop- 
erties, Steenken, 91 
Tumor: -Bearing rats, liver catalase 
activity, tumor extirpation effect, 


Greenstein, Jenrette, and White, | 


327 

Sphingomyelin metabolism, Haven 
and Levy, 
Tyrocidine: d-Amino acids, Lipmann, 
Hotchkiss, and Dubos, 163 
Chemical nature, Hotchkiss, 171 
Composition, Christensen, 


wards, and Piersma, 187 


Tyrosine: /-, phenolic hydroxyl group | 


activity, factors affecting, Bow- 
man, 877 


U 


Urechis: Eggs, respiratory pigment, | 
407 
Urine: Acetone body excretion, dl- | 


Horowitz and Baumberger, 


lysine monohydrochloride effect, 
Sharp and Berg, 739 
Pregnancy, sodium pregnanediol 
glucuronidate, determination, ti- 
trimetric, Allen and Viergiver, 
837 


417 | 


Ed- | 


Index 


Urine—continued: 
Riboflavin determination, fluoro- 
355 
apparatus, 
215 
Egaiia 
859 


metric, Najjar, 


Steroids, extraction 
Hershberg and Wolfe, 

Thiamine determination, 
and Meiklejohn, 


Vv 


Veratrine: Alkaloids, Jacobs, Craig, 
and Lavin, 51 
Craig and Jacobs, 253 
| Virus: Cucumber, amino acids, aro- 
matic, Knight and Stanley, 39 

, preparation and properties, 
Knight and Stanley, 29 
Tobacco mosaic, acetyl derivatives, 
Miller and Stanley, 905 
—, amino acids, aromatic, 
Knight and Stanley, 39 
—, derivatives, Miller and 
Stanley, 905 
— —, phenylureido derivatives, 
Miller and Stanley, 905 
Vitamin(s): A, absorption experi- 
ments, Le Page and Peit, 747 
—,non-crystallizable, Baxter, Har- 
ris, Hickman, and Robeson, 991 

B, filtrate factors, deficiency, so- 
dium chloride administration 
effect, Ralli, Clarke, and Ken- 
nedy, 105 
—,——,—, sodium chloride levels, 
Ralli, Clarke, and Kennedy, 105 

C, determination, bacteria for, 
Gunsalus and Hand, 853 

K, determination, colorimetric oxi- 
dation-reduction, Scudi and 
Buhs, 451 


WwW 


See Urechis 
Y 


Yeast: Pasteur enzyme, absorption 
spectrum, Melnick, 269 
Respiratory ferment, absorption 
spectrum, Melnick, 269 


Worm: Marine. 
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